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of Steam- Materials 


By J. B. ROMER' anv H. D. NEWELL* 


This paper points out the necessity of having adequate 
data on the high-temperature properties of metals used 
in steam-boiler construction. The significance of the 
time factor in testing in relationship to long-life high- 
performance steam-generating equipment is discussed 
as are the general effects of metal oxidation from steam 
and combustion atmospheres. Metallurgical stability of 
steels is important in maintaining creep strength and is 
necessary to prevent severe modification of mechanical 
properties through effects such as spheroidization of car- 
bide phase, graphitization or formation of sigma phase in 
highly alloyed steels. The relative merits of long-time 
creep tests and stress-rupture tests are considered, and 
typical test data are cited for each form of test. These 
data are necessary for design of superheater tubes and 
headers, alloy baffles, hangers and fittings, and are an aid 
to the Code Committee in assigning suitable stress allow- 
ances for materials. The paper gives suggestions for tem- 
perature limits for superheater-tube materials and a rés- 
umé of field experience on carbon and alloy steels. Con- 
clusions are drawn that high-temperature creep and rup- 
ture testing have been very useful in evaluating the rela- 
tive strength of steels for high-temperature use, in aiding 
in the development of superior materials, and in permit- 
ting the increases in steam temperature and pressure 
which have led to much greater economy in power pro- 
duction. Further advances are forecast for the future 
through a well-co-ordinated program of metal testing 
now in progress. 


INTRODUCTION 


HE modern steam generator or high-capacity power boiler 

has been evolved through a period of about 80 years to 

its present state of efficiency and reliability of operation 

(1).* Present-day large boiler units may range in capacity up 

to 1,380,000 Ib of steam per hr. Superheat temperatures are 

approaching 1100 F at the turbine throttle with design as high 

as 2600 psi. Process steam is produced at even higher tempera- 

tures (1300 to 1500 F), but at lower pressures than in boilers for 

power generation. The reheat cycle recently described by Row- 

and (2), and others (3, 4) is again gaining favor and adds an in- 
crement to over-all thermal efficiency of the steam cycle. 

There is a decided trend toward providing only one boiler unit 

per turbine which is practical because of the high availability of 
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Babcock & Wilcox Company, Alliance, Ohio. 
* Chief Metallurgist, The Babcock & Wilcox Tube Company, 


Beaver Falls, Pa. 
* Numbers in parentheses refer to the Bibliography at the end of 
the paper. 
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nual Meeting, New York, N. Y., November 26-December 1, 1950, 
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present boiler equipment. Advances in temperature and pres- 
sure conditions through the years are shown in Fig. 1. . 
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This improvement in boiler performance has come about 
gradually through the years and is in no small measure due to 
studies which have been made during the past 25 years relating 
to the properties and behavior of metals under long-time c.posure 
to stress at elevated temperatures. These investigations have 
led to the development of superior materials of construction for 
the superheater and its headers and to improvements in those 
other parts which operate at lower temperatures such as drums, 
steam and waterwall tubes, economizer tubes, and piping. Such 
studies are continuing on an even more extended scale so as to 


“Dram generating tubes, economizer tubes, and so forth, 


dinary mechanical properties in 
accordance with stresses designated by the ASME Boiler Code. a 
Superheaters and other parts operate at higher temperatures ==> 
where creep becomes operative. The amount of extension isa = 
function of temperature and of the stress imposed and is time- so 2 
dependent. 
Other factors enter the problem of metal selection and usually = 
are of greater significance as the temperature increases—for ex- Ray 
ample, thermal expansivity, heat conductance, elastic moduli, 
resistance to scaling and corrosive attack of the metal, and struc- ae 
tural changes which might in some way affect its useful proper- 
ties. Strength properties continue, however, to be of primary 
significance so as to limit working stresses to a level where ex- 
pected life of equipment is obtained. Because of the long life 
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enue of boiler equipment, it is of extreme importance to 
make a careful choice of material and to allow adequate but not 
excessive factors of safety. Methods of fabrication and physical 
size of parts also must be considered. 


Hicu-Temrerature Testing 


It has long been known that certain nonmetallic materials, 
such as glass, when subjected to stress, undergo slow and con- 
tinuous deformation with time. 

The concept of creep in metallic materials, however, is com- 
paratively new. Chevenard (5) in 1919, and Dickenson (6) in 
1922, were among the first to draw attention to the phenomena. 
In the next few years, French (7, 8), Lynch (9), Kanter and Spring 
(10), White and Clark (11), and Norton (12) contributed heavily 
to our knowledge of creep. These investigations indicating con- 
clusively that rupture of a metallic material could occur when it 
is subjected to a stress at elevated temperatures for a sufficiently 
long time, even though the stress applied was considerably lower 
than that necessary to cause fracture in the short-time tensile 
test at the same temperature. 

For the use of the Boiler Code Committee, Jacobus (13) pre- 
sented a paper in 1929, giving the stresses used by the authors’ 
company at that time. As stated in the paper, the so-called 
creep stress had been used for setting allowable working stresses. 
In so far as is known, this paper was the first to suggest that the 
allowable working stress be based on the rate of creep. 

A recent and valuable contribution to the subject was the 
paper by Robinson (14) presented in 1950. 

Although there are still many gaps in the present theory of 
metallie creep, the creep characteristics established during the 
past 25 years for many metals and alloys have proved of great 
practical value in indicating the fitness of these materials for 
continuous service under stress at elevated temperatures. This 
information also has been useful in the development of still 
better alloys for such service. 

In the United States, one of the earliest attempts to investi- 
gate creep in a comprehensive manner was made by the com- 
panies with which the authors are associated. Early in 1926 a 
joint fellowship was established at the Massachusetts Institute 
of Technology under the direction of Prof. F. H. Norton for these 
studies. Many steels now used successfully in power-generating 
units and in the petroleum-refining and chemical industries were 
tested and proved in the course of this investigation. Extensive 
studies of the creep characteristics of metals are now continu- 
ously under way in the Research and Development Laboratory 
of the authors’ company at Alliance, Ohio. 

The need for the most precise data for design purposes and the 
desirability of developing alloys suitable for use at even higher tem- 
peratures and pressures led the company to expand its creep and 
stress-rupture facilities. 

Presently installed in the laboratory are five twelve-station 
stress-rupture units for operation up to 1500 F, sixteen Baldwin- 
Southwark units suitable for both stress-rupture and creep tests 
up to 1800 F, and twenty creep units of M.1.T. design, and thirty- 
two creep units of company design for testing up to 2000 F. A 
complete description of these testing facilities already has 
been published (15). The testing procedures and equipment 
used fully comply with the ASTM Recommended Practices 
(16). 

Changing fuel supplies, special forms of corrosion, and require- 
ments for better metals which will lend themselves to fabrica- 
tion into boiler parts, drums, tubing, and headers, present a chal- 
lenge to the materials engineer and metallurgist. Many of these 
problems are being overcome, and metals are being applied more 
intelligently through a better understanding of the effects of tem- 
perature in relation to time of exposure while under stress. 


TRANSACTIONS OF THE ASME 


Stanieicance or Time Factor Suort-Time Tensire, Creer, 
AND Srress-Ruprure Tests 


In the engineering of high-temperature equipment, the time 
factor is of the greatest significance. It may vary, in the case 
of rockets, from a few seconds, through several hundred hours 
or more in turbojet aircraft engines to several decades in the serv- 
ice life of large turbines and boilers. The engineer must take 
into consideration growth or clearance of parts and allow for di- 
mensional changes due to stress and temperature. His design 
must be based on such data as will give him assurance that per- 
formance will be as expected. In the engineering of steam boil- 
ers, we are concerned with selection of suitable materials, with 
provision of sufficient long-time strength, and with surface and 
internal stability of the metal, so as to avoid fai‘ure or rupture 
with consequent outage of equipment and economic loss. It is 
the long-time end of the time scale which concerns steam-boiler 
engineering. 

(a) Short-Time Tensile Tests. Obviously, short-time tensile 
data are of value for design only in that part of the lower-tem- 
perature range where creep of the metal is not significant. Ordi- 
narily, this temperature is considered to be in the vicinity of 650 
F for carbon steels and perhaps 750 F for alloy steels. Conse- 
quently, steam and water drums, steam-generating tubes, water- 
wall tubes and headers, and economizer tubes are normally con- 
sidered to be in this category. Such tubes may suffer a rise in 
temperature and sometimes inadvertently enter the creep range 
of temperature and even suffer rupture when scaling or other 
causes result in unexpected temperature increases. That such 
events happen can be confirmed by many boiler operators who 
have experienced such tube failures, not only in superheater 
tubes, but in furnace-wall and steam-generating tubes. Special 
forms of corrosion are sometimes a factor in these cases. 

Working stresses for these lower temperatures usually are 
selected on the basis of the familiar room-temperature tensile 
test, using, for static conditions, a load less than the yield strength. 
Normally, this is provided by taking one fourth of the minimum 
ultimate strength for the particular material. The short-time 
test may be used to confirm the suitability of the stress used at 
a specific temperature. In fact, one may find that some steels 
actually increase in strength with moderate increases in tem- 
perature. This feature may be noted by reference to Fig. 2 
from the recent ASTM publication compiled by Miller and Heger 
(17) for the principal low-alloy steels which have been used in 
boiler work. The higher-alloy and stainless steels generally ex- 
hibit a fairly gradual decline in short-time strength properties up 
to 800-900 F with tensile strength falling more abruptly there- 
after. 

The short-time tensile test has provided some useful informa- 
tion relating to temperatures suitable for fabricating operations of 
metals and may be used in a preliminary way for evaluating 
roughly the quick strength of steels having a common heat-treat- 
ment or condition of structure. The high strain rate and the 
short elapsed time of the test preclude using such data for de- 
sign for long life of steel operated in the creep range. Further- 
more, there is not necessarily any relationship between creep 
resistance and short-time strength; some steels with good 
short-time properties may exhibit poor creep properties and 
vice versa. 

(b) Creep Tests. Metallic creep has been studied in large part 
by most investigators by performing creep tests on many metals 
and alloys rather than by purely theoretical studies of this phe- 
nomenon. Such empirical investigation has been ahead of the 
purely theoretical studies of the phenomenon of creep behavior in 
metals. Some investigators have contributed to this phase of — 
the matter, and several of the more recent publications devoted 
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considerable space to the theoretical aspects of the subject of 
creep. Theories are described in some detail by Sully (18), 
Stanford (19), Clark (20), and Smith (21). 

Since it is convenient to apply tensile loading, most commer- 
cial creep tests are conducted under uniaxial tensile stress al- 
though such a simple stress system does not necessarily corre- 
spond to that encountered in beams, shells, heavy steam pipes, 
or other structures. Most of the creep tests conducted by the 
authors’ company have been pointed toward determination of 
steady-state creep under constant load and temperature using 
solid tensile-type specimens. Those where high precision was 
desired were of 10 in. gage length, while others for the higher 
temperatures, where uniformity of temperature and control is 
more difficult, were of 2 in. or 3 in. gage length. Since loading 
was constant, the strain rate may have accelerated gradually with 
diminution of cross section due to combined action of deforma- 
tion and scaling of the specimen during the test. These effects 
are usually not too significant unless the testing is done in a range 
where scaling of the metal is severe or high stresses are imposed 
so as to cause appreciable deformation. Other effects such as 
phase changes in the metal, recrystallization, or precipitation may 
cause a greater change in the creep rate even though load and 
temperature are held quite constant. 

It always has been our practice to make metallurgical ex- 
aminations of the creep specimens after creep testing. This 
procedure includes hardness and microscopic examination for 
surface condition and structural or phase changes in the metal as 
compared with the original untested material. Where sufficient 
gage length permits the necessary subsize specimens to be ob- 
tained, the mechanical properties and impact strength are deter- 
mined and compared with the metal in its initial condition. 
Thus the relative stability of various materials under stress and 
temperature have been ascertainéd for many prominent ferrous 
materials used in steam-boiler work. Stress has an accelerating 
action in inducing structural changes, and this is quite pro- 
nounced in carbon steels with lesser effects in the more stable 
alloy steels. Oxidation, which may lead to scaling or inter- 
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granular penetration, may be increased sharply under stress Fe 


concentration such as may exist in welds of dissimilar metals as _ 
described by Carpenter (22), and Blaser and Eberle (23). ' 


Creer Testine or Surerneater-Tuse ALLors 


Full-scale creep tests are time-consuming and expensive and 
are not considered suitable for acceptance tests. Some short , LE 


methods such as Hatfield’s time-yield and the quick creep DIN | 
(DVM) method used in Germany have not received acceptance _ 


in this country, Tests of long duration are favored as they per- x 


mit phase changes in the metal to become complete and allow _ 
the effects of surface oxidation to manifest themselves. The 

Joint High Temperature Committee of the ASME-ASTM has 
reported on the inadequacy of these short methods (24). ; 

In the early years of testing there was a dearth of information _ 
and basic data had to be developed quickly. Even then, the 
importance of the time element was recognized, and while a num- 
ber of early tests were carried only to 1600 to 2000 hr, many were 
run for from 3000 to about 6000 hr. Present practice, in creep 
laboratory of the authors’ company, has been to extend these 
times on important materials and run both creep and stress- 
rupture tests on a material to 10,000 hr or longer at temperatures 
throughout its use range. Generally, testing periods less than 
1 per cent of expected life of equipment are not at all signifi- 
cant, and a test period of at least 10 per cent of the service life 
is preferred. Since boiler superheaters generally are expected 
to have a life of more than 100,000 hr, this 10,000-hr practice 
seems well justified. 

The principal object of the creep test is to ascertain the steady- 
state creep rate V) = (de)/(dt) for a given condition of tempera- 
ture and stress so as to determine plastic deformation as a func- 
tion of time. In the idealized form this may be shown as in 
Fig. 3. 

In many cases tests of short duration will fail to indicate the 
beginning of third-stage creep which ultimately leads to rupture. 
Long-time tests, on the other hand, generally will indicate the 
trend in a given alloy, and working stresses can then be selected 
to circumvent failure. 

Creep and/or rupture in superheater tubes, operating under 
heat input in the plastic range and under pressure stress, appears 
to be due mainly to simple tensile stress. This is evident from 
the general longitudinal nature of both the surface fissures which 
eventually may develop or when a complete rupture of the tube 
wall occurs. Invariably, these parallel the longitudinal axis of 
the tube and only tend to show shear effects at the ends of the 
rupture where tearing from the bursting reaction occurs at high 
strain rates. Undoubtedly, some temperature swings occur in 
the superheater which are dependent on the operating rate of the 
boiler and other conditions. These may be expected to acceler- 
ate the creep rate. Superheaters in many boilers operate under 
what may be considered steady-state creep. They may undergo — 
cooling to room temperature once or twice a year or perhaps 
oftener in emergency. In these instances, the metal cools 
through the plastic range and enters the elastic range where 
certain residual stresses may develop. These stresses probably 
tend to wash out when the unit goes back on the line, except at 
the extreme low end of the creep-temperature range. Bending 
and vibratory stresses may be superimposed during service 
but in the main, the stress system is tension from internal 
pressure. 

In many installations the boiler may undergo cyclic operation, — 
being operated at high rating for a portion of the day and then 
being banked awaiting recurrence of the peak-load condition. 
This mode of operation likely will accelerate creep action and ee 
may induce other stresses in the low-temperature end of the aoe 
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cycle which will impose more severe conditions on the metal parts _ peratures, primary creep may be virtually absent while at low a 
and shorten life. loads and at more moderate temperatures, creep may cease or rf ba? 
Deformation—enlargement or expansion—of tubing in a boiler be negligible. eye 
does not necessarily hamper or influcace operation of the unit. The designer must use a working stress which will provide ade- 
An expansion of 1 per cent or even 5 per cent might be tolerated quate life of the part, structure, or tube. The working stress will 
in contrast to the limits for total creep permitted for running have to be limited so that fracture does not occur during ex- 
clearances in turbines or rotating equipment. Small deforma- pected service life. In tubes, since considerable strain (diame- 
tions on tubing in high-temperature service are difficult to tral expansion) can be tolerated, one must chiefly guard against 
measure because of oxidation, slag and ash deposits, and because fracture. In theory, high-temperature equipment must be de- 
of the difficulty of maintaining reference points. When appre- signed with a contemplated or definite service life. How to give 
ciable overheating occurs the strain rates increase so greatly that long life with economy and avoid failure is the crux of the prob- 
rupture is the usual result. jem. = 
Construction of the superheater, in the newer high tempera- Evaluation of alloy steels for superheater service normally has _ 
ture, high-pressure units, is by welding to insure tight joints. been done on the basis of securing stresses for rates of steady- 
Smal! stubs may be welded integrally to the superheater header in state creep at several temperatures. Usually these are com- 
the shop and the superheater-tube element is later attached to pared on the basis of the stress producing rates of 0.0001 and 
the stub by welding in the field. This method serves a double 0.00001 per cent per hr, or the more familiar terms of 1 per cent 
purpose of securing a good heat path between tube and header, in 10,000 and 100,000 hr, respectively. This makes necessary 
thus offsetting thermal-expansion difficulties, and it eliminates an unavoidable extrapolation for the long-time rate. Total 
leakage such as might develop in a mechanically expanded joint deformation can be secured for design use, when required, from __ 
should small temperature differences bring about differential the actual time-elongation curves. 
creep between the parts. This paper is not intended to cover the design of tubes for 
In the other form, i.e., the expanded or rolled joint used at high-temperature service where the metal is operating well into 
lower temperatures, the initial elastic and plastic strain must be the “plastic range.” However, log-log plots of creep rate versus 
considered as well as the steady creep rate. One then becomes _ stress are not entirely suitable in their usual form, and the design 
concerned with the “total” creep rather than the secondary rate engineer may create his own curves from the basic data so as to © 
of creep. The total deformation at any time up to the begin- provide a variety of strain rates versus temperature. 
ning of the third-stage creep may be determined from the time- ? 
elongation curve by following the method outlined by Smith Srress-Ruprvure Tests 
(21). Summation of the quantity Co, which is the intercept of _ Stress-rupture tests, perhaps more properly termed creep-rup- 
the minimum rate of slope on the ordinate axis and the product ture tests, are conducted to determine the stress required for 
of the minimum creep rate and the time, gives fracturing the metal under prolonged loading. They are made by 
° stressing the specimens so as to cause rupture in time periods 
ranging from 100 to 10,000 hr, or more. Data are plotted to log- 
where C, is the total creep at time ¢, Co is the intercept, C,, is log co-ordinates and if no structural change or intergranular | 
the minimum creep rate, and ¢ any time less than the beginning oxidation occurs during testing, a straight-line relationship holds. 
of the third-stage creep. Thus, to calculate total deformation Rough strain measurements are made frequently in this form 
for various stresses, the relations between stress and the quanti- of test since it is important to gain some idea of the flow rate. 
ties: Intercept Co, minimum creep rate, and time for beginning Final elongation values are obtained by measuring the specimen 
of third-stage creep are required. These are obtained by testing after fracture. The test has become a popular means of evalu- 
a number of specimens at each temperature under different ating load-carrying ability and has had increasing use in the high- 
stresses. temperature metals-testing field since its proposal by White, | 
The form of the creep-time curve for constant load and tem- Clark, and Wilson (25). Extrapolation may be dangerous since “% 
perature, if carried on sufficiently far, or if under stress high structural changes or surface-oxidation effects may become mani- : 
enough to enter third-stage creep is well known. At high tem- fest only after considerable time under load and as influenced by = 


C, = Co + Caf 
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the stress imposed. Rupture tests longer than 1000 hr are pre- 
ferred on boiler steels and over a range of stresses which bridge 
the gap between creep and rupture tests. Therefore many of 
our present rupture tests are run to 10,000 hr or more. The ex- 
treme importance of this may be illustrated in Fig. 4 which gives 
rupture time versus stress on Croloy 2'/, grade T-22 SA-213 
material at several temperatures. In this series of tests it may 
be noted that no change in slope took place at 1000 F nor at 1100 
F even though the final point on the 1100-deg curve was a test 
extended to 29,286 hr. At 1200 F, however, a change in slope 
due to surface oxidation took place sometime between a 3320-hr 
test and one which ruptured after 15,189 hr. This, in effect, 
suggests a limiting service temperature for this material of 1100 F 
or a rather drastic reduction in stress allowance if used at higher 
temperature. A rupture test limited to 3000 hr would not have 
disclosed these facts. Steels of poorer oxidation resistance show 
breaks in the stress-rupture time curves at shorter times and lower 
temperatures, At these more extended times, the relative im- 
portance of creep and rupture testing for boiler work is some- 
what controversial. Both are useful and desired. 

Composition, manufacturing history, particularly deoxidation, 
grain size, and structural condition all affect the high-temperature 
strength and ductility of metals. The effect of these variables 
has received considerable study as is indicated by the literature 
on the subject (26, 27, 28, 29). In addition, the ability to stand 
creep strain and suffer deformation varies greatly with the strain 
rate. At a fast rate, a metal may extend appreciably, whereas 
with slow rates and longer fracture times, it may suffer inter- 
granular fracture with little or no apparent deformation. The 
stiffer and more creep-resistant the metal, the more is this char- 
acteristic in evidence. Grain-coarsening heat-treatments may 
be practiced and usually result in improvement in resistance to 
creep or rupture but at some sacrifice toward withstanding elon- 
gation before fracture. It is sometimes preferable, therefore, to 
apply such heat-treatments to the metal as will give a suitable 
balance in high-temperature strength and ductility with adjust- 
ment of the working stress to a more moderate level, rather than 
heat-treat the steel for maximum creep strength and have it 
suffer abrupt fracture. This has been proved in oil-refinery 
heater work where fine-grained austenitic 18-8 still tubes have 
given much better over-all service than tubes subjected to a 
creep-strengthening grain-coarsening heat-treatment. 


Tusutar Stress Rurrure 
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to “tubular stress-rupture tests.” Considerable work has been 
done on this important phase of testing. The tests more closely 
simulate service conditions as the specimens consist of sections 
of heavy-wall commercial tubing which are subjected to internal 
steam pressure at superheater temperatures. In order to develop 
the required hoop stresses, very high steam pressures are re- 
quired. 

This method of testing shows considerable promise in that the 
ruptures obtained on specimens closely simulate the mode of 
failure observed on actual tube failures in service. A few tests 
have been run in excess of 10,000 hr but, in general, the work has 
not progressed to the point where actual data can be published. 
Indications are that the information obtained from these tests 
may be of sufficient interest and value to be made the subject of 
another paper in the near future. 

Test Data 

A wide variety of steels of different types and compositions have 
been subjected to high-temperature tests during the 25 years 
the authors’ company has been doing creep and rupture testing. 
Many of these were intended for use as tubing or pipe in boilers 
or other high-temperature equipment. Others were for drum 
plate, castings, forgings, studs, or bolting. Some tests have been 
made also on deposited weld metals in connection with welded 
construction of pressure equipment. 

From these tests a number of the most popular and widely 
used alloy steels have been developed for high-temperature tub- 
ing applications. These, and others, are recognized in the ASME 
Boiler Code as suitable materials for use in steam boilers under 
the rules which apply. There is presented in this section a com- 
pilation of creep and rupture test data from our records. Some 


rupture-strength curves for recently completed tests on two ut 


stainless grades are also given. a 
Table 1 gives stress values, psi, for creep rates of 0.0001 and — 
0.00001 per cent per hr for many of the most popular currently — 
used steels employed as superheater tubes, superheater headers, 
or as piping in boilers and in other high-temperature equipment. —__ 
Table 2 gives a supplementary list of similar creep data fora 


number of steels of grades or kinds which have enjoyed limited ae! 


utility. 
Table 3 lists various plate steels, castings, and others on which — 
creep information has been developed. “f 
Tables 4 and 5 present compositions and tentative stress- — 
rupture data for 1000, 10,000, and 100,000 hr, for several of the 


Before proceeding to the discussion of the tabulated test data, 
we would like to refer to a development that has been under way 
for the past year and a half at our research a We refer 


commercial austenitic stainless steels now in common use. ti 
expected that these values will be readjusted when the rupture zt: bee 
times have extended to 10,000 hr or more since the tests on these mee 
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steels are still in progress. Creep tests are in progress also on 
some of these same steels and all are to be so tested in order to 
complement the stress-rupture data. 

The test materials for which the stress values are given in these 
tables, were secured, in many cases, from commercial heats of 
material made with manufacturing practices which would or do 
conform with current steel-manufacturing methods. Details re- 
garding manufacturing history, deoxidation practice, and heat- 
treatment have been omitted from this compilation but are availa- 
ble in the company’s records for many of these test materials. 
Some of the compositions tested were of experimental pature and 
did not reach commercial! development and utilization. 

Fig. 5 is a family of stress-rupture curves for Type 310 stainless 
steel (25 Cr, 20 Ni) through the usual use range of 1350 to 1800 F. 
These data are taken from a co-operative test program now in 
progress on this steel between the Allegheny Ludlum Steel Cor- 
poration and The Babcock & Wilcox Tube Company. Creep 
tests on this particular steel are being performed at the same tem- 
peratures as for the rupture tests. The hatched area shown on 
the rupture curve may reflect the influence of sigma-phase pre- 
cipitation at 1350 F since there was a significant change in slope 
after a time sufficient for sigma phase to form in the annealed 
metal. Rupture curves on Type 347 stainless steel, which has 
been used in superheaters of a number of the newer boiler installa- 
tions for 1050 F total steam temperature, are given in Fig. 6. 
Log-log creep curves for temperatures of 1000 F and 1200 F, 
based on tests exceeding 10,000 hr duration, are given in Fig. 7. 
Some rupture-test results on austenitic stainless weld-deposited 
metals have been reported recently by Carpenter (22). 

There are indications that the type of atmosphere surrounding 
the specimen during testing has some influence on the high- 
temperature properties of metals. This is perhaps of more signifi- 
cance in rupture testing than in creep testing. Some rupture 
tests have been made in steam atmospheres at 1200 F by Agnew 
(30) with rupture-strength results as great or greater than those 
obtained in air. Attention is now being turned to the effect of 


1,000 
RUPTURE TIME , HOURS 
Srress-Ruprure Curves ror Tyre 310 Sraincess Sree. 

————- C-mposition ——- 
Mn Si Cr 
2.00 0.31 24.80 


10,000 


Heat-treatment 
Ni 1950 Ffori hr, WQ 
20.95 Held 24 hr at test temperature before 
loading 


combustion-gas atmospheres and some rupture tests of that na- 
ture are in progress at Purdue University. The possible effects of 
various atmospheres are indicated in a recent paper by Shepard 
and Schalliol (31). 

Aside from the early creep tests done under nitrogen atmos- 
pheres, all of our creep and rupture testing on solid specimens 
has been done in air atmospheres. 


SuperneaTer MATERIALS 


Historical. Stainless-steel superheater tubing was first used 
in boiler equipment manufactured by the authors’ company in 
1926. The alloy tubing available at that time was a ferritic 17 
per cent chromium-iron alloy which developed brittleness after 
cooling from the service temperature of 900-925 F. Its use was 
discontinued and 18-8 austenitic steel substituted. The 18-8 al- 
loy was then used in a limited number of boiler installations and 
proved reasonably satisfactory although some difficulty was en- 
countered with leaky tube seats because of differential expansion 
since the headers used were not stainless steel. Beginning in 
1933, the company started using 5 per cent chromium, 0.5 per 
cent molybdenum steel in marine boilers in both headers and 
tubes. This steel was used to some extent in stationary boilers. 
Carbon-molybdenum steel began to receive attention at about 
that time because of its superior creep strength over carbon steel 
and the company began using it for moderate-temperature zones 
in superheaters about 1935. 

During this period the company’s metallurgical laboratories 
were active and created in the following sequence a number of 
high-temperature steels which currently are being used in boiler 
application. These were 2 per cent chromium, 0.5 per cent 
molybdenum steel, SA-213 Grade T-14; 9 per cent chromium, 
1.5 per cent molybdenum steel‘ which was the forerunner of the 
present SA-213 Grade T-9. Two other steels were developed 
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equipment including steam superheaters, namely, 2'/, per cent 
chromium, | per cent molybdenum and 3 per cent chromium, 0.9 
per cent molybdenum steels,’ corresponding to SA-213 Grades 
T-22 and T-21, respectively. All the steels mentioned have had 
relatively wide use in petroleum-refining processes in tubular 
heaters and hot-oil piping, and they have been used widely as 
superheater elements in steam boilers. Today the company pre- 
fers steels other than the once popular 5 per cent chromium, 0.5 
per cent molybdenum steel for steam-superheater service. 

Except at extreme pressures, austenitic stainless-steel tubes 
are not required for metal temperatures below 1100 F since the 
lower-chromium-alloy steels offer adequate oxidation resistance 
both in steam and in combustion gases. Corrosion and oxidation 
experiences with these materials in high-temperature steam serv- 
ice have been described by Brister and Romer (32). Stainless- 
steel tubes are required in the most modern high-temperature- 
high-pressure boilers since a total steam temperature of 1050 F 
means 1100-1200 F metal temperature on the tubing in the last 
steam passes in the superheater. Alloys presently used for such 
service are of stabilized types, either TP-347 or TP-321. At 
the present time Type 321 is being used to an increasing ex- 
tent because of the critical situation with respect to columbium 
supply. Both alloys are adequately stable under long-term heat- 
ing so that mecianical properties are well maintained. 

Temperature Limits. A considerable background of field ex- 
perience with these steels has indicated that the temperature 
levels given in Table 6 may be used as a general guide. These 
limits may be modified depending upon the circumstances in a 
specific case and are dependent on the design pressure of the unit 
and on economics in arriving at the material of choice. Many 
superheaters today may have two or more types of steel used, be- 
ginning with carbon steel in the low-temperature zone, followed 
by carbon-molybdenum and then the chromium alloyed steel 
and even stainless for the maximum conditions. 


TABLE 6 GUPEREEATED- TYRE TEMPERATURE 


Material* 
Carbon steel (0. 
0.2. 


-213-T. 
8A- 213-TPS47-321 


Croloy 9M 
Croloy 18-8 Cb or Ti 


“es For nominal composition, see Table 1. 
+ Metal temperature of side in contact with flue gas. 


Graphitization has occurred in random distribution to some 
extent in carbon-steel superheater tubes exposed between 850 and 
950 F. It has been observed infrequently in carbon-molybdenum 
steel tubes of the diameters commonly used in superheaters. This 
is in contrast to its occurrence in steam-piping installations where 
its presence in chainlike form adjacent to welds has caused the 
power industry much concern. The smaller and more homo- 
geneous metal in the superheater tubes and the fabricating prac- 
tices employed may account for this difference in metallurgical 
behavior. In most cases the steelmaking technique for the 
carbon-molybdenum steel used in superheater tubes has involved 
deoxidation with | te 1'/, |b of aluminum per ton. This would be 
undesirable for carbon-molybdenum piping in the light of present 
experience. Since safety requirements in piping external to the 
boiler and in large-diameter headers are more stsingent than in 
small superheater tubes, the temperature limits for headers and 


5 U.S. Patent 2,182,177 


piping are somewhat more conservative for carbon and the alloy oe 


ateaie. Limits for these items are indicated in Table 7 7. Curben- 


current practice is to use a chr 
hibit graphitization. 


+ Except: Chromium 2.0-2.5 “Mtg 0.90-1.10 


© Except: Chromium 2.75-3.25-—Mo 0. per cent. 


Stainless steels may be used at higher temperatures than those 
stated in Table 7, depending on the stresses imposed, and nor- 
mally will provide oxidation resistance in steam to 1400 F. Oxi- 
dation on the gas side is related to fuel supply, and high-sulphur 
fuels or those depositing vanadium-containing ash may cause 
depreciation of scaling resistance at temperatures beginning about 
1200 F (1150 F with highly alkaline ash). Because of the high 
pressures involved in the present 1050 F steam units which are 
1800 to 2300 psig design pressure, stainless tubes are used in the 
hot sections of the superheater beginning at the 1100 F tem- 
perature level. 


Summary AND CONCLUSIONS 


For a number of years the authors’ company has been evalu- 
ating steels for high-temperature steam-boiler application. The 
facilities of a newly installed high-temperature creep and rupture 
testing laboratory have been described briefly. Tests of long 
duration are considered as furnishing the most reliable data; this 
is in keeping with the long service expected from steam-boiler 
equipment. 

The high-temperature testing of metals has been largely re- 
sponsible for the improvements made in steam-generation equip- 
ment leading to present reliability and economy. Present prac- 
tice is to run both creep and rupture tests on important materials 
and for test periods extending to at least 10,000 hr. This dura- 
tion of testing is usually sufficient to permit phase changes or 
alterations in structure to become complete in the metal, thus 
lessening errors when extrapolating to 100,000 hr. Both creep 
and rupture testing are considered important, especially for the 
metals in those portions of the boiler exposed to heat input. The 
relationship between rupture strength and the time a metal will 
withstand continuous creep action and remain usable is still ill- 
defined. Some ability to witnstand plastic deformation before 
rupture is believed to be an important property. 

A carefully co-ordinated program of creep and rupture testing 
of a number of materials is in progress in the new laboratory. 
There are included in this program carbon, low-alloy, and stain- 
less-stee] grades, as well as cast-alloy materials and weld metals 
As new data become available, they will be published as sequels 
to this paper and will be furnished to the Sub-Group on Stress 
Allowances for Ferrous Materials, Boiler Code Committee, to 
assist in the selection of safe working stresses for ferrous materials 

The advance of total steam temperature from the present 1050 
F level to 1100 F and upward will require superior alloy tubing 
materials for superheaters which will withstand oxidation and 
offer long life at metal temperatures of 1200 to 1400 F. Under 
present Boiler Code regulations, austenitic stainless alloys are 
limited to low working stresses owing to their low strength under 
prolonged exposure to these temperatures. This results in in- 


‘LE 7 TEMPERATURE LIMITS—HEADERS AND PIPES 
Maximum metal 
Material ASME grade temp, deg F ° bbe 
Carbon steel...... S8A-266 2° 
Croloy @A-188 = 1100 
| 
| | 
| 
8A-83 950 
SA-192 950 
SA-210 950 
SA-209-T la 975 
SA-280 chemistry 975 a 
1000 
( 1080 
1100 
1125 
1200 
1400 
\ 
| \ | \ \ 


ordinately heavy tubing. This, in turn, causes high steam-pres- 
sure drop and greater temperature differential across the wall of 
the tube from the gas to the steam side. Superior alloy mate- 
rials, with at least equivalent resistance toward oxidation to the 
presently used austenitic stainless steels, are required. These 
new alloys must lend themselves to production into tubing and 
pipe and be amenable to fabricating practices and to the welding 
techniques used in boiler construction, Needless to say, develop- 
ment work on such materials is in progress, and evaluation will be 
made largely by creep and rupture testing, following the practices 
described herein. A forecast is made that further advances in 
steam-generation economy and efficiency will be made in the 
next several years. 
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Discussion 


J. T. Bowen.* The authors have presented a valuable sum-— ah 
mary of current information on creep and stress-rupture phe-— re 
nomena. The Appendix which deals with the current methods  =—| 
of their laboratory is of value to other institutions engaged in 
such work, 

Despite the amount of creep and stress-rupture data available 
in the literature and the efforts of theoreticians working on re- =e 
lated problems of plastic flow, many unanswerable questions Ay 
still perplex the engineer who must design structures to operate — 
under ereep conditions. In a case of great practical interest, 
thick-walled cylinders for high-temperature service, the pertinent va 
variables of material composition, fabrication methods, ambient _ 
atmosphere, and temperature distribution make the calculation “2a | 
stress distribution*and the prediction of deformation unc ertain = 
arts at present. Evidently recognizing the situation in the case Ass 
of high-temperature steam lines, the authors have undertake ie r 
“tubular stress-rupture tests” in their laboratory Personnel 
of the writer’s company have concluded that equivalent tests ae 
required to simulate the operation of tubes and vessels carrying 
high-temperature hydrocarbon gases. 

The classic objection to such simulating tests is that it is diffi- 
cult to separate the effects of the several variables. It is to be 
hoped that when such tests are conducted all influential varia- _ ay 
bles will be noted and that the stress and deformation horn = 
will be as complete as possible. The tests will then provide ~—aal 
against which future theoretical work can be checked as well as 
answers to immediate questions. 


F. B. The authors of this paper have presented a 
valuable compilation of the results of their high- temperature 
testing of a great variety of ferrous materials comprising carbon, 


low-alloy, medium-alloy, and high-alloy steels, and covering both — 


ferritic and austenitic materials. The data will prove of great Pe 
usefulness to engineers engaged in designing equipment for high- i] 
temperature service for, as the authors point out, thedemandsof = a 
higher temperatures and higher pressures are bringing stronger __ = 
materials into steam-boiler construction. Attention is also : 
called to the, necessity of increasing our knowledge concerning 
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* Research Engineer, Carbide and Carbon Chemicals Company, 
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? International Nickel Company, Bayonne, N. J 
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the effect of the atmospheric conditions surrounding the metal 
on its resistance to flow and fracture at high temperatures, and 
it is believed that as time goes on, more and more attention will 
be given to the effect of the structure of the meta! as it is affected 
by its thermal history, not to mention its deoxidation during 
melting, on its elevated-temperature strength. 

The authors’ company was one of the first large industrial con- 
cerns to recognize the value of accurate data concerning the be- 
havior of steels under stress at elevated temperatures, and it is 
gratifying to learn of the expansion of their facilities for this type 
of investigations. The users of steel will look forward to a con- 
tinuation of the fine type of work which has come from their 
efforts over many years in the past. 


D. L. Newnouse.* The large quantity of high-temperature 
test data presented in this paper constitutes a very valuable 
addition to the literature. In particular, the long-time stress- 
rupture test data (over 10,000 hr in some cases), as well as the 
current tubular stress-rupture tests described, are of very great 
interest. 

A comparison of the maximum metal temperatures listed for 
superheater-tube materials in Table 6 with those listed for head- 
ers and pipes in Table 7 shows little difference, except that 
slightly higher temperatures are listed for several of the alloys for 
superheater applications. What is the basis for requiring the 
use of more than 1 per cent Cr in Cr Mo steels for use in headers 
and pipes? Is it the high-temperature creep or rupture strength, 
graphitization resistance, or oxidation resistance? The data pre- 
sented in this paper, as well as other published data, suggest that 
on the basis of high-temperature strength alone, the 1 per-cent 
and 1'/, per cent Cr, '/, per cent Mo steels would be at least 
comparable to and perhaps stronger than the higher Cr materials 
up to some temperature above 1000 F. On the basis of graphi- 
tization resistance, 1 per cent Cr should provide adequate insur- 
ance, since to the writer's knowledge, no graphitization has been 
reported for steels containing 1 per cent chromium. Even '/; per 
cent chroraium appears to confer a high order of graphitization 
resistance, with graphitization having been reported in very small 
quantities only in '/, Cr '/, Mo castings which had been de- 
oxidized with 2 ib of aluminum per ton (Kanter and Sticha, 
1947). 

In so far as oxidation is concerned, it would appear that 
for a given metal temperature and stress, superheater service 
would be much more severe than piping service, because of the 
atmosphere of combustion products and slag to which superheater 
tubes are exposed; and that, therefore, the limiting temperature 
could be higher for piping than for superheaters, while maintain- 
ing adequate factors of safety by proper selection of working 
stresses. The authors’ comments on this subject would be much 
appreciated. 


H. A. Wacner.® The authors indicate that simultaneous 
creep tests are being conducted on tubular and tensile specimens 
of the same material. It is assumed that the purpose is to secure 
a correlation between uniaxial tensile creep as determined in the 
laboratory, and multiaxia! stress as obtained in service. 

According to a paper by Buxton and Burrows,"* one might 
expect the circumferential creep to be one half of the tensile creep 
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Steam Turbine Engineering Divi- 


at any given stress. This is contrary to the results we obtained == 


at Trenton Channel." 

The writer is interested in the results the authors may secure. 
Whether circumferential creep is one half of the tensile creep, or 
equal to it is an important consideration in high-temperature — 
pipe and pressure-vessel design. 


A. B. Witper."* Instead of conducting creep-rupture tests for 


10,000 hr, would it be practical to conduct creep-rupture tests — 
for 1000 hr with material which has been exposed for 10,000 he 


without stress in an ordinary furnace? We are conducting ex- 


periments of this nature and would appreciate the authors’ com- Caw . 
ments. The advantages to be gained in conducting long-time ae 


exposure tests in an ordinary furnace at the creep-testing tem- _ 


perature would be the possibilities of developing a large amount Gen 


of 1000-hr creep-rupture data with a limited number of ma- 
chines. 

Not subjecting to stress the material exposed for 10,000 hr 
raises the question whether the stability of steels at elevated 
temperature is influenced appreciably by stress of the magnitude 
encountered in creep. We are also conducting 10,000-hr ex- 
posure tests under stress based on ASME Boiler Code allowable 
working stresses, and after exposure expect to determine the 
1000-hr creep-rupture strength. This is a slightly different ap- 
proach from 10,000-hr creep-rupture tests, and we, therefore, 
would appreciate comments of the authors with respect to this 
practice. In other words, will the 1000-hr creep-rupture prop- 
erties under the conditions outlined be similar to creep-rupture 
results based on 10,000-hr tests? 

Also, what, in the opinion of the authors, is the relationship of 
1000-hr creep-rupture tests obtained at higher temperatures 
to 1000-hr creep-rupture tests’ at lower temperatures, with re- 
spect to extrapolation to 100,800 hr? Can we conduct 1000-hr 
creep-rupture tests at higher temperature and then predict 
the creep-rupture strength more accurately for 100,000 hr at 
lower temperatures? 


AvutTuors’ CLosuRE 


The authors appreciate the discussions which this paper has 
evoked. This is a reflection of the importance of the need of 
precise knowledge of high-temperature properties of metals in 
the engineering of equipment to operate at elevated temperatures. 

We thank Mr. Foley for his kind remarks and shall hope to 
make further contributions on the subject through test work in 
progress or planned in our new Creep Laboratory. We concur 
that more attention will be given to thermal treatment and de- 
oxidation practice in the future. Perhaps further improvement 
in properties will come largely from these sources rather than 
from modifications in composition. 

Mr. Bowen referred to the “Tubular Stress Rupture Tests” 
mentioned briefly in our paper. These tests and the equipment * 
used have now been more adequately described in a separate 


paper by Messrs. Kooistra, Blaser, and Tucker at the 1951 An- seen 


nual Meeting of the ASME, titled “High Temperature Stress- 4 
Rupture Testing of Tubular Specimens”. It is of interest that 
Mr. Bowen's company is planning similar rupture tests on tubular 


on rupture strength which is of importance in oil refining and 
hydrocarbon process work. 


Mr. Newhouse makes comment concerning the slightly higher a 


temperatures used in superheater tubes as compared to pipes 


“High-Temperature Steam Experience at Detroit,” 


ary, Pittsburgh, Pa. 


byR.M.Van 
peseth McCatchan, Trans. ASME, vol. 61, 1939, pp. 383-901. i 


a 
specimens using a hydrocarbon gas mixture inside tubes rather eee 
than steam. Such a test may indicate the effects of carburization a 
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and headers of identical steels. This established practice is due 
mainly to the need for a greater over-all safety requirement in the 
larger diameter headers or pipes because of the steam volume 
contained therein. Failure in an individual superheater tube 
usually does not cause equipment damage although necessitating 
a boiler shutdown. Failure in a superheater header or main 
steam pipe might be disastrous. We agree with Mr. Newhouse 
that 1 per cent chromium in the steel is adequate for graphitiza- 
tion resistance. The use of higher chromium-content ferritic 
steels has been predicated on somewhat improved oxidation and 
slagging resistance and perhaps slightly higher creep strength in 
annealed steels in the range 1025 to 1100 F. Steels with 1 per cent 
or 1'/, in. chromium with molybdenum may be equally adequate, 
at least to about 1050 F, and are now being used in an effort to 
conserve alloying elements. Superheater service is more severe 
than piping service but the larger-diameter piping usually requires 
inordinately heavy wall thickness which is one reason for fixing 
limiting temperatures slightly lower than for superheater tubing 
of the same alloy material. 

Mr. Wagner points out the importance of knowing whether 
circumferential creep is one half of or equal to the tensile creep. 
In the tubular stress-rupture tests referred to in our paper and 
now covered by the recent paper just mentioned, the tubular rup- 
ture results for carbon steel were nearly indentical with those 
obtained on solid specimens at test temperatures of 850 and 
950 F. More testing is necessary to see if this relationship holds 
for alloy steels of both ferritic and austenitic type. 

Our tubular-creep studies have not progressed to the point 
that we can adequately answer Mr. Wagner regarding the rela- 
tionship between circumferential and tensile creep. In this con- 
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nection we would like to point out that Norton" in reporting 
for the Joint ASME-ASTM Committee, summarized his ob- 
servations to the effect that the time for the tubular specimens 
to reach an equilibrium rate of flow was an important factor in de- 
termining the relationship. 

Dr. Wilder's suggestion to expose material for 10,000 hr with- 
out stress in an ordinary furnace and then conduct 1000 hr creep- 
rupture tests on it is worthy of consideration. Certainly such 


exposure at the preselected testing temperature should achieve — 
structural equilibrium in the metal in most cases and would per- _ 


mit a much greater volume of rupture testing with a limited — 


number of machines. This method would be in contrast to rup- an 


ture testing to 10,000 hr or more. Whether correlation would be 

obtained with these methods would depend on whether or not 

the sealed surface was removed prior to stressing or left intact. — 
Also, it is believed that stress tends to accelerate intergranular 

oxidation and at certain temperatures this might make for a wide 

discrepancy in results as between specimens heated 10,000 hr and 

then stressed 1000 hr as compared with stressing for the full 

10,000 hr. 

It is not believed there is any consistent relationship between 
1000 hr creep-rupture tests made at the higher temperatures and 
those at low temperatures. The degree of safety in extrapolation 
to 100,000 hr from either is concerned with oxidation resistance, 
structural stability, and with ability to withstand deformation 
before incipient or total fracture. We prefer the longer-time 
tests as giving us the most trustworthy data and even then the 
extrapolation to 100,000 hr is made with some misgiving. 


’ “Creep in Tubular Pressure Vessels,” 


Trans. ASME, F. H. 
Norton, vol. 61, 1939, p. 239. 
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The PRR behavior of a multiple-capacity passive tems the response of the system to a step change of the input m 

system is compared to that of a single-capacity system of is shown in Fig. 4. A rough approximation of this behavior can 
appropriate “‘time constant with a finite time delay.” be made by considering it to be a time delay D (also called trans- 
Such a comparison indicates that the latter system repro- portation lag, dead time), followed by the straight line AB, 
duces the dynamic behavior of the multiple-capacity Fig. 5. A considerably better approximation is realized by con- 
system with sufficient accuracy for most engineering pur- 
poses. This fact makes it possible to characterize such re i 
systems by a single parameter, the ratio of the time con- Nee 
stant (L) of the single-capacity system to the delay (D). 
Values of the control constants for various degrees of sta- 
bility are plotted against this ratio (L/D) for proportional, 
proportional - plus- integral, proportional - plus - integral- 
plus-derivative type regulators. An electronic analog — 
computer was used in obtaining the data. 


INTRODUCTION Fie. Typrcat Syarem 


HE automatic contro] of machines and industria] processes $1 


is commanding wider and wider attention, The problem | ca: ™ 

of arriving at a properly integrated design of the over-all 4 x 
regulated system is a difficult one particularly where the plant is -- 
one composed of many energy-storage reservoirs. In a recent 
paper the authors presented a nondimensional analysis of this 
problem for a single-capacity system. This paper extends the 
work to the more complicated and more difficult problem of the 
regulation of multiple-capacity systems. 


Sysrems 


All systems are characterized by the fact that they can store 
energy to a greater or lesser extent. In some systems the amount 
of energy stored is known precisely if the value of a single varia- 
ble is known, Thus, in Fig. 1, the energy stored in the system 
shown is known if the head H is known. ai, 

In Fig. 2 the three quantities H,, H:, Hs, are required to _ 
specify the energy content of that system. Fig.lisasingle-capac- 
ity system; Fig. 2is a three-capacity system. Both systemsare  __ 
represented conveniently by the simple block shown in Fig. 3(a); of 
v is the quantity to be regulated; m is the quantity to be manipu- A 
lated in order to regulate v; m, is a load, any change of which will 
introduce a disturbance on the plant. 

Quantities m,, m:, and m, represent possible load inputs, any 
change of which will produce disturbances on the system. To 
bracket the disturbance which the system can undergo, changes _ 
in m (now to be designated m,) and changes in desired value of _ r xi 
the regulated quantity will be used. For multiple-capacity sys- ; . pres 
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sidering the reaction curve to be composed of a time delay D, 


followed by a single exponentia) curve whose initial slope is the 
maximum slope of the actual multiple-capacity response curve, 


Fie.5 Arrroximation py Detay Prive Tanoent Line 


Fie.6 Aprroxmation BY Decay Pivs Sincie Lao 


Fig. 6. The true response of the multiple-capacity plant is given 
by an equation of the following form 


Th, and 7, are the time constants of the plant. 

In general, such constants are difficult to evaluate and the ana- 
lytical work necessary to design the controller is often prohibi- 
tively long and difficult. The simplified approximation, indicated 
in Fig. 6, requires only the single ratio r to specify the dynamic 
behavior, where r is the ratio of the time constant L, to the time 
delay D. Oldenbourg and Sartorius have calculated and plotted 
the values of the gain of a proportional controller for various 
degrees of stability, using the foregoing approximation. Such 
calculations for a three-element controller are extremely difficult, 
unless a computing aid such as an electronic analog is used. 
In this study, Philbrick analog computing units were used. 


REPRESENTATION OF THE PLANT 


The plant used in this study consists of a delay unit and a single 
Jag unit in which the delay is approximated by 80 lag stages. The 
response of the delay unit to a step input is shown in Fig. 7. The 
lag-delay ratio r of the delay component is 0.6, which is the lower 
limit of the range of r considered in this study. The output of 
the delay component is fed into a single lag system of adjustable 
time constant. The unregulated response of the plant for various 
values of the time constant of the single lag is shown in Fig. 8 
In this study the delay D is held constant and the lag-delay 
ratio ris varied by changing L, the time constant of the single lag 
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Cuaracteristic Reaction Curve or Detay Compongent 
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No arbitrary standard for measuring optimum performance has 1% 7: 


been proposed which will meet all situations. Criteria in use are_ 
essentially of two types: One based on the transient response of the 


Lag Delay Ratio, r 
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Fie. 8 Catipration or Detay-Lao PLant 


system; the other based on the steady-state response of the sys- 
tem to sinusoidal disturbances over a wide frequency range. 
The fast type of analog employed makes the use of transient- 
response characteristics straightforward, simple, and rapid. In 
many applications this is the simplest type of disturbance to 
apply, as it involves a small essentially sudden change in an in- 
put quantity. The criteria selected in this study for evaluating 
the controller settings are as follows: 

Quickest Response Without Overshoot (see Fig. 9). The regu- 
lated variable reaches its final value in the shortest possible time 
without overshooting that value when the system is subjected to 
a step change in any input quantity. 

Quickest Response With 20 Per Cent Overshoot (see Fig. 10). 
The regulated quantity initially reaches its final value in the 
shortest possible time followed by an overshoot of 20 per cent of 
the final value when subjected to a step change in an input quan- 
tity. When the final value is zero, the overshoot is 20 per cent of 
the maximum excursion from zero. 

The controller settings which give the foregoing results vary 
with the type of disturbance to which the system is subjected. 
(Thus the results presented show different values for a load in- 
put applied to the plant, as shown in Fig. 13, than for a change in 
desired value of the regulated quantity.) Fig. 11 illustrates the 
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Fie. 9 Quickest Response Wirnout OversHoot 
(a, Step change in desired value r*. 6, Step change in load, =z.) 
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Fie. 13 Brock Diacram or ConTrouiep System 


Fie. 10 Quickest Response Wira 20 Per Cent Oversnoor— 
nate Step change in desired value »*. 6, Step change in load, ~1.) 


NONDIMENSIONAL SYMBOLISM 


Fig. 13 is a simplified block representation of the over-all 
cs Be system where the symbols are defined as follows: 
Toe 


manipulated ( in value — Am 


(controller output) initial value — me 


ch. Av 
regulated quantity 
initial value — -% 


change in value — Av ‘) 


= desired value’ 
initial value — 


Fie. Deviation Response or Syverem To Ster CHANGE IN 
Desinep Apsvustep To Quickest Response 


Wirnovt Oversnoor To Ster Caance Loap, mi = load input (ene: = — 


initial value — 
u = deviation or error (v* — ») 
final | value oft 


fina! value of ‘) unregulated Dient 


k = controller proportional/ ™ \ 
when D/r, = 74/D = 0 


ck = gain 


C = plant gain = 


Ing-delay (ee constant of single 


delay time 


D ee integral time-constant ( delay time ) Akiva 


ratio integral time constant 
Ta _ derivative Serre time « 


Fie. 12 Deviation Response or System To A Step IN D ratio delay time 
Desrrep Vatve Ween To Quickest Response Wirn : 


20 Per Cent To Strep Cuanoer in Loan, mz t ti __ time =) 
D time 


response obtained when a ‘‘desired value change”’ is applied to a The use of nondimensiona! terms gives a universality to the 
system designed for Quickest Response Without Overshoot results. For any specific application where the system param- _ 
under a step-load input. Fig. 12 illustrates the behavior of the eters are known, the actual controller settings can be obtained A es 
system in response to a “desired value disturbance” when the from the nondimensional plots. The basis for nondimensionaliz- ag 
controller is designed to produce Quickest Response With 20 ing is arbitrary. In this casé initial values of the variables are 
Per Cent Overshoot when subjected to a step-load input. used. In many cases they are the values under normal operat- 
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ing conditions. Where the initial values are zero another basis 
such as peak operating conditions, and the like may be used. 


Pianr Wrrn ProrortioN aL CONTROLLER 


A block diagram of the entire analog setup is shown in Fig. 
14. In the first series of runs t4/D and D/r; were set to zero, 
thus introducing proportional control, Step changes in load 
mz, and desired value v,* were applied to the system, and values 
of the controller gain k determined for various degrees of stability 
over a range of lag-delay ratios r of 1 to 10. 

Values of proportional constant k have been determined, 
which in each case result in the following type of dynamic re- 
sponse: 


1 Unending oscillation. 
2 Quickest response with twenty per cent overshoot. ae 
3 Quickest response without overshoot. 
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Fie. 15 Typrcat Quickest Responses Oversnoor AND 


Quickest Responses Witu 20 Per Cent Oversnoor or VaRious 
Piants r Unper Prororrionat Contro: With Step CHance 
Desrmep 
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A ~ Adding Component. (Model K3-A GAP/R) 


L = Unit Lag Component. (Model K3-L GAP/R) 
C Coptiicient Component. (Model K3-C GAP/R) 
J = Integrating Component. (Model GAP/R) 


D ~ Differentiating Component. (Model K3}-D GAP/R) 


Fico. 14 Brock Diacram or ANALOG 


Some transient responses for various values of r for cases 2 and 
3 are shown in Figs. 15 and 16 for load and desired-value disturb- 
ances. The results are summarized in Fig. 17 where propor- 
|tional constant times plant gain kC, is plotted against lag-delay 
‘ratio for the three degrees of stability listed, The suggested 
“optimum” values of k of Ziegler and Nichols are also plotted. 
Their values correspond to an overshoot of approximately 40 per 
cent, The calculated results of Oldenbourg and Sartorius 
also plotted and check closely the results of the analog. 


Cueck System 


To check the validity of the simulation of an n-capacity system 
with a time delay and a single-capacity system, a 7-lag 
system was studied. The various time constants of this elec- 
tronic system were varied giving the reaction curves shown in 
Fig. 18. The system was then placed under proportional con- 
trol, and the results are shown in Fig. 17. It will be noted that 
the delay component — single lag analog approximation gives 
results closer to the actual 7-lag system than the mathematical 
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Fic. 16 Typrcat Quickest Responses WirHout OversHoot AND 
Quickest Responses With 20 Per Cent OversHoor or Various 
Piants r Unper Proportionat Contrrot Wits Step Caance in 
a 


Theoretical Results of Oldenbourg and Sartorious” 
© Results of Delay Lag System 
a Results of Actual n-Lag system 


— “Optimum” 


Response of Ziegler and Nichols 


Ziegier- 
Nichols 
Optimum 


Quickest 
Response 
With 20% 


em Proportional Gain, Ch 


Fie. 17 Rexation or Proportionat Constant Times 
Gain (Ck) Versus r ror Dirrerent Systems UnperR ProportionaL 
ConTROL 


analysis. This is due to the fact that the delay component 
does not give the sharp time delay that is obtained mathe- 
matically. 
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Lag Delay Ratio, 


Fie. 18 Caipration oF 7-Lac System 


ProportioON AL-PLUS-INTEGRAL CONTROLLER 


With the derivative time constant ratio 7,/D still set at zero, 
the system response for various values of the proportional con- 
stant k and the integral time-constant ratio D/r, were studied. 
The controller equation is 


System Proportional Gain, Ck 


1 


In Fig. 19 19 ‘esliie of Ck are plotted against the delay ratio r for 
values of the ratio CD/r; from 0 to 3 for the case of unending os- 
cillation. Values of Ck and r which determine a point in the 
region to the left and below the lines of constant CD/r; result in 
unstable operation. Values of Ck and r which establish a point 
on the other side of the lines of constant CD/r; result in stable 
operation. In Figs. 20(a) and 21(a@), whe transient behavior of ' 
the system with controller constants set to give “quickest response Contect ¢ 
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Lag Delay Ratio. r 


Ck Versvsr ror Carricat Response With Prorortionat- 


Equation: m «= (k + Tp ju 


7 
20(a) T U Q Response W Over- 
16. 20(a ypicaL Unique Quickest nse Wirnout Over- 
pe hen Fie. TyprcaL Quickgst Responses WitHout OveRsHOOT FOR 
(Step change in desired value, v*.) - 
(Step change in load, mz.) 


. 


Ck and CD/T, 
Systern Gain, Ck and Integration RatecD/a, 
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Lag Delay Ratio, r 


Lag Retin r 
Fie. 20(b) Vatves or Ck anp CD/r; Propuce Quickest 21(b) or Ck ann CD/+; Waicn Propuce Quickest 
Response WitHovut OversHoor ror Various r With Step Response WitHout Oversnoor ror Vartous r Wirn CHANGE 
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in overshoot” are shown. Values of Ck and CD/r; giving Control Equation: m = (k Sr 
this type of response are plotted against r in Figs. 20(b) and “ab 
is 2100). Figs. 22 and 23 show similar results for the case of ‘quick- 


est response with 20 per cent overshoot.” The foregoing results 


Control Equation: 


\ gi 
= 

: time /D 
Fie. 22(a) Typicat Unique Quickest Resronse Wirn 20 Per 
Cent Oversnoor ror Att r Unper 
ConTrou 
(Step change in desired value, »*.) 


9 
Lag Delay Retio, r 


Fig, 22(b) Vanurs or Ck anp CD/r; Wuicn Propuce Quickest 
Resronse Wirn 20 Per Cent Oversnoot ror Various r 
Srer Caance in Desinep VaLus, v* 


were obtained by observing the system behavior after step 
changes in desired value v* and load mz. 


CONTROLLER 


When a derivative component is introduced into the controller 
the controller equation is 


1 
m=(k+ + 

Four parameters are now needed to specify the complete system 
r, CD/1,, Ck, Cra/D. Values of these quantities producing un- 
ending oscillations are plotted in Figs. 24 to 27, inclusive. Each 
figure gives results for a constant value of integral time constant 
CD/r,. Figs. 28 and 29 show the values which produce quickest 
response without overshoot. Figs. 30 and 31 show similar re- 
sults for the case of quickest response with 20 per cent over- 


Fic. 23(a) 


time /D 
Tyrrcat. Quickest Responses Wire 20 Per Cent 
Oversnoort ror Systems Unper Prorportiona, 
(Step change in load, 


System Gain, Ck and Integration RatelD/7 


Lag Deiay Ratio, 
Fie. 23(6) or Ck CD/r; Wuicn Propuce Quickest 
Resronse 20 Per Cent Oversnoor ror Various r 
Strep Loap, mz 
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Discussion or Resuuts 
In the ranges of r investigated, plots of the controller constants 
versus the ratio r were straight lines. Therefore the results may 
be summarized by the simple relationships listed in Table 1. 
For simplicity of the analog setup, the control equation was 
taken in the form of Equation [3] 


m= («+ + rw) 
Tip 


Other forms may more closely represent certain actual control- 
lers. Two of these are as follows 


| 
as 
as + t 
| 
| 
4 
— 
> 
rt 1 
m=k’ (1+ — + 
\ 


CHIEN, HRONES, RESWICK-—-ON THE ATCO CONTROL OF GENERALIZED PASSIVE SYSTEMS 


Control Equation ms Yer 


CD/T, «0 


System Proportional Gain, Ck 


Lag Delay Ratio, r 


s 


Lag Delay Ratio, © 


Fie. 25 Reration or Ck, Cra/D, r ror Carrica, Resronss ror 
Unpver 
(CD/Té held constant in each plot.) 


Fic. 24 Retation or Ck, Cru/D, ann r vor Critica, Response Sysreu 
ror System Unver 
ConTROL 
(CD/Ti held constant in each plot.) 


a) 
Centro! Equation. m « (k + 


Control Equation gin + Tex 


System Proportional Gain, Ch 
System Proportional Gein, Ch 


Lag Delay Ratio, r 


Fio.26 Retation or Ck, Cra/D, anv vor Carricat Response ror Fic.27 Revation or Ck, Cra/D, anv r vor Critica, ResPronse ror 
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TABLE 1 


Step change in 
Type of control desired value (v*) 
Proportional control 


k= 0.35 


c 


Proportional -plus-integral 
evatrol 


" 


r 
k= 0.35 


D 


1 
= 0.30% 


Pr 
pl gral 
plus-derivative control 


r 
k= 0.6% 
1 du 
= 0.3 


1 
c 


D = delay time 
C = plant gain 
Control Equation: m = (k + tri 


time /D 
Fie. 31(a) Typicat Quickest Response Wirth 20 Per Cent Over- 
sHOOT FoR Systems Unper 
Derivative Controt 
(Step change in load, mz.) 


The correspondence of the coefficients in Equations [4] and [5] 
with those of Equation [3] is as follows 


Equation [4] Equation [5] 


constant 


Integral time 
constant 


Derivative time 
constant 
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Discussion 


A. R. Carueron.‘ An opportunity to try out the procedures 
outlined in this paper was accepted with great pleasure, because 
of interest in the techniques presented and the possibility of re- 
view of some allied tests and conclusions. The development of 
this approach to the problem of control adjustment determina- 
tion had been carried out with an electronic analog 
a generalized control unit, and equipment available to the writer 
presented the possibility of using the technique for the settings 
of an actual control system with a process of variable character- 
istics under relatively controlled conditions. This discussion is in 
the nature of a report on the results obtained. 

Such a process has been in operation since early in 1949 as part 
of a program of study of the control of rate of flow of liquid and 
the various specific problems that arise in this connection. The 
system consists of a 2-in. water-flow line of maximum length of 
140 ft, through which the water can be driven either by direct 
pumping or by a static pressure head. The line length can be 
reduced, and the positions of the control valve and the primary 
element varied. For contro] studies, upsets may be imposed 
upon the system either by changing the control-point setting of 
the controller or by changing the load through alternately by- 
passing a restriction at the head of the line, or bleeding the line 
from a point just downstream of the restriction. The control 
equipment is operated pneumatically. 

To obtain the data necessary to define the process for evalua- 
tion, i.e., figures for D, L, and C, the controller output connec 
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TABLE 2 RESULTS OF TESTS 


Per cent 


Com- From 


point. 


Load.. 
Control point... 


tion was broken, and a pair of tanks attached, so arranged that 
predetermined pressures could be set up in each and applied in 
turn to the control system by an air switch in order to form a 
step upset. At the other end of the system the measuring ele- 
ment of the controller was replaced by a similar bellows oper- 
ating a strain bar, the signal from which went into a fast record- 
ing system, The input step was also sent to the recorder to pro- 
vide « point of zero time. 

The values of D and L were taken from the curve traced by the 
fast ree: rder, while static readings from input and output’ pres- 
sure gages showed the plant gain C. This latter value averaged 
1.68 for this system, although the determination made for each 
individual run was generally used in the computation for that 
run. 

In the tests made the flow system itself was not varied, chiefly 
because the response time of the liquid flow system is so much 
less than the response times of most of the auxiliary components. 
Instead, the characteristics of the problem were changed by the 
use of various lengths and sizes of pne tie tr ission line, 
various sizes of valve-operating motor, and by the addition of a 
high-volume repeater relay to the valve motor. This permitted 
variation of r through a range from 1.45 to 5.71. The response 
speed of the system, as arbitrarily represented by the sum of L 
and D, also varied (but not necessarily in coincidence with r) 
from 0.44 sec to 56 see. After D, L, and C were determined for a 
given arrangement, the controller was put back into the system 
and its adjustments varied until the most rapid aperiodic re- 
covery possible was obtained. Since the tests were made in the 
presence of “noise,” or random variation in the flow too rapid 
for the controller to catch, the precise determination of 20 per 
cent overshoots would be extremely difficult. For this reason, 
and because the aperiodic recovery had been used entirely in all 
other test work done on the flow system, it was selected in this 
Upsets were generally held to 10 per cent of scale, uncon- 
trolled, and made by either load or control-point variation. The 
recoveries were recorded as seen by the primary element, not by 
the controller, All tests were made at the same control-point 
setting or range. 

A comparison of the settings determined by study of the system 
response with those obtained in actual operation indicates that the 
procedure outlined in the paper has given safe and usually con- 
servative settings consistently. There was little to choose be- 
tween values obtained by computation and from the curves given, 
with the exception that the curves appeared to be the more ac- 
curate at the lower values of r. Table 2 of this discussion sum- 
marizes the results obtained, with the proportioning bands ex- 
pressed in per cent (= 100/k) and reset times in seconds per repeat. 
No tests were made with a three-element controller. Since the 
controller that was used follows Equation [4] of the paper (re- 
duced to m = k’ [1 = 1/(r,p)]u, for there is no derivative term), 
the computed settings have been adjusted accordingly. 

As a matter of possible interest, it may be noted that there 
seems to be a direct relationship between L + D and the time 


case, 


proportioning band 
sec reset 


By opera- 
tion 


oor 


required for an aperiodic recovery, the latter being approxi- 
mately 1'/, times the former, except in the case of r = 1.45 and 
L+D =0.44, 

To sum up, the curves indicate that the technique is at least 
fully applicable to a system of the stated type working in the 
ranges covered. The writer wishes to express his thanks to the 
authors for the opportunity to review and try out their work, and 
to his own company for the use of the test facilities. 


G. H. Couen® anp G. A. Coon This paper makes a valuable 
study of the control of a process with a large number of time 
lags. The reaction curve obtained by using 80 stages of lag"may 
be a good representation of many actual processes and as_such 
provides a basis for comparison. 


* Engineering Research Department, 
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A simpler approximation is the assumption that the reaction 
curve may be represented by a distance-velocity lag and a single 
time constant. For this case with proportional-plus-reset-plus- 
derivative contro! the critical curves corresponding to Figs. 17, 
19, 24, 25, 26, and 27 of the paper, are given by the equations 


Ck = rwsin w — cosw 


Ctp 
- = w*r cosw + wsinw + 


P= period in seconds 


ere 


and all other terms are as defined inthe paper. 

It is obvious that the calculations are not at all difficult and 
can be obtained, using a desk calculator, in a few hours. 

The computed results for the case of proportional-plus-reset 
control are shown in Fig. 32 of this discussion, which can be com- 
pared to Fig. 19 in the paper. It can be seen that the errors 
involved in using the delay unit can be as much as 55 per cent 
variation from the theoretical results. Since the delay unit im- 
poses continuous derivatives while the theoretical simplified proc- 
ess characteristic has a discontinuity in first derivative at time 
t = D, it cannot be expected that the results should agree when 
integration is introduced in the controller. If a two-capacity 
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process with dead period lag were used, then the problem of a 
discontinuity in derivative would be removed. 

A paper to be published by the writers will discuss the problem 
of time delay and control, presenting computed curves for vari- 
ous degrees of stability in terms of the control parameters. 

In determining the coefficients corresponding to Equation 
[5], the paper indicates only a positive sign before the radical. 
It is possible to have two values of k", r,”, and 1,” so that the nega- 
tive sign is also permissible. This has appeared in practice on a 
commercial controller, and it can be shown that these double- 
valued functions are the determining factors which allow this 
type of controller to be used on the start-up of batch processes.* 

The analog computer is of great advantage in determining 
the transient-response curves, since the calculation of the re- 
sponse curves requires tedious computation. The authors should 
be commended for applying this method of analysis to the prob- 
lem of retarded ntrc}. 


Avutuors’ C LosuRE 

The observations of Mr. Catheron on the applications of the 
results of this paper to a pneumatic system are of great interest to 
the authors, The correlation with analog data is good, It is in- 
teresting to note the performance of actual system is more 
closely predicted from analog results than it is by mathematically 
derived results. This is true because no real physical system 
exhibits the discontinuities existing in the mathematical presenta- 
tion of Gohen and Coon. The authors express their appreciation 
of the contributions of the discussers to this paper. 


*“A New Concept of Automatic Control,” 
struments, vol. 23, 1950, p. 1248. 
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Interpretation of Records 


By E. Y. STEWART? ano J. H. REYNOLDS, JR.,? SCHENECTADY, N. Y. _ 


The proper application and use of turbine supervisory 
instr ts is b ing more important owing to cen- 
tralization of controls at remote points from the power- 
generating equipment and also the growing trend of power 
companies to quick-start their machines. Equipment is 
available to record turbine conditions in terms of shell and 
differential expansion, speed and camshaft position, bear- 
ing vibration, and shaft eccentricity. A description of 
shell and differential-expansion recording equipment is 
included. The value of the instruments depends upon 
the proper interpretation ofthe records. A feature of the 
paper is a discussion of a number of case examples in which 
mechanical trouble in the turbine or generator was de- 
tected by the instruments. 


INTRODUCTION 


NUMBER of years ago the authors’ company developed a 

line of turbine supervisory instruments for use as telemetered 

recording instruments to meet the demand for protection 
and supervision of remote outdoor operation of large steam- 
turbine generator sets.* The instruments as originally developed 
measure and record turbine conditions in terms of shaft eccen- 
tricity, bearing vibration and shell expansion, and also detect 
interference or rubbing of rotating parts. 

Since their development, turbine supervisory instruments were 
never used as originally intended but were, however, used to good 
advantage in providing the operator with an indication and a per- 
manent record of the mechanical performance of the turbine 
generator throughout the starting period and subsequent running 
time. 

The records obtained indicate to the operators the current 
conditions and permit all interested individuals to review the past 
operation of the machine and plan future operating methods to be 
used. 

The trend in the operation of power stations in recent years has 
been to centralize power-station controls in a central] control room 
at a point remote from the turbine. Thus it follows that the 
supervision, which is so necessary while starting the machines, and 
during their running period, is substantially reduced. Conse- 
quently it is imperative that adequate instrumentation be pro- 
vided to indicate to the operators the condition of the unit. In 

! Development Engineer, General Engineering Laboratory, Gen- 
eral Electric Company. 

? Service Engineer, Service Engineering Division, Turbine Section, 
General Electric Company. 

* “Turbine Supervisory Instruments and Records," by J. L. Roberts 
and C. D. Greentree, Trans. ASME, vol. 58, 1936, pp. 607-614. 

Contributed by the Power and Industrial Instruments and Regu- 
lators Division and presented at the Semi-Annual Meeting, Toronto, 
Ont., Can., June 11-15, 1951, of Tae American Society or MECHANI- 
CAL ENGINEERS. 

Nore: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those of 
the Society. Manuscript received at ASME Headquarters, April 24, 
1951. Paper No. 51—SA-49. 


conjunction with this there is also a growing trend for the power 
companies to make quick starts of their machines.‘ 

This stems from the large load drop-off at night, in which the 
less efficient units are shut down and quick-started in the morning 
to satisfy the rapid increase in load demand. The authors’ com- 
pany has recognized this trend,* and studies to date have indi- 
cated that more comprehensive instrumentation is becoming es- 
sential in order to keep track of the rapidly changing conditions 
during this period. Knowledge of the over-all mechanical condi- 
tion of the turbine-generator set as portrayed by the turbine 
supervisory instruments is invaluable to the turbine operator 
during quick starts. 

Through experience with the instruments, we have increased 
greatly the ability to analyze the records and detect some of the 
more typical troubles that might occur. Examples of this will be 
described later in the paper. In several cases when reliability of 


the instruments was questioned because of the unusual records 


obtained, analysis showed trouble had developed in the machine. 
Supervisory INsTRUMENTS 


Fig. 1 illustrates a typical panel arrang t of a comp 
set of supervisory instruments. The equipment consists essen- 
tially of a strip-chart recorder, electronic power units, and suitable 
detectors mounted on the turbine generator. 

The most important requirement and also the most difficult 
problem that had to be surmounted in the development of the 
instruments was to design electronic equipment having a reli- 
ability comparable to that of steam turbines. Consequently the 
electronic design was purposely made very conservative, and im- 
provements were included from time to time as the art of elec- 
tronics advanced. As an added feature in maintaining reliability 
each equipment has a built-in test circuit, consisting of test 
switches and a small test instrument. Through this the various 
electronic circuits can be checked to locate any difficulty that 
might develop, such as deterioration of tubes, detector grounds, 
component failures, and so forth. In conjunction with this, each 
equipment has a one-point built-in calibration check in which the 
over-all calibration may be maintained. 

At the present time these instruments measure turbine condi- 
tions in terms of shell and differential expansion, speed and cam- 
shaft position, bearing vibration, and shaft eccentricity. 

The shell and differential-expansion recorder was added to the — 
turbine supervisory-instrument line in 1945, having been used 
previously for a number of years in engineering investigations. 
The equipment consists of a strip-chart recorder of the inkless 
type, a power unit, and two detector units mounted on the tur- 
bine, which are connected alternately to the measuring circuit 
through a time switch. 


4 “Quick Starting of High-Pressure Steam-Turbine Units," by J.C. 
Falkner, R. 8S. Williams, and R. H. Hare, Trans. ASME, vol. 70, 
1948, pp. 201-209. 

* “Operating Characteristics of the 100,000-Kw Essex Turbine 
Generator,” by Stanford Neal and Vinal 8. Renton, Trane. ASME, 
vol. 72, 1950, pp. 267-290. 
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the recording instrument reads forward clearance from 0 to 
500 mils full scale. The division of the gap, that is, the gap 
between the forward or turbine-end coil and the bull gear or 
special ring, and the gap between the back or generator-end coil 
and bull gear or special ring, will vary, depending on the design of 
the turbine. The reading on the recording instrument of differ- 
ential expansion is in effect a measure of the clearance between 
the rotating and stationary elements in the turbine. 

In order to warn the operator when the clearances in the turbine 
have been closed and that further reduction will mean rubbing 
will take place, red danger bands have been placed on the re- 
corder seale. One band extends from zero to some value short of 
mid-scale. The other band extends from some point above mid- 
scale to full seale. How far these bands extend toward mid-scale 
depends upon the design of the machine and what the internal 
clearances are. If the pen on the recorder just touches the red 
area in either direction from center, it means that if there is any 
further movement into the red area a rub will develop. 

To aid the operator further a small green mark is placed on the 
scale at a point denoting the cold-gap setting between the turbine- 
end coil and bull gear or special ring. Therefore the space be- 
tween this mark and the start of the red bands at either end of the 
scale is the amount of normal clearance available between the 
stationary and rotating elements inside the machine. Conse- 
quently any movement of the pen in either direction from this 
mark will give the operator a clear idea of how fast the clearances 
are being closed or opened. An example of the scale is shown in 
Fig. 3. The red bands and green mark are indicated. 


EXPANSION OE TEC TOR 
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Yu 


In order to differentiate between the two readings on the chart 
paper, the time switch is so adjusted that the differential-expan- 
sion detector is connected to the measuring circuit for 2 min and 
40 sec, thus recording a dash. Then the shell-expansion detector 
is connected to the circuit and is recorded for 20 sec, thus making 
a dot. The complete cycle is finished in 3 min and is then re- : 
peated. The differential expansion appears as a very nearly con- om Cons 
tinuous line, while the shell expansion is a series of dots. By con- 
necting these points a continuous curve may be drawn. ‘ 

Shell-Expansion Detector. The shell-expansion detector con- 
sists of two pairs of stationary coils on laminated cores with a 
movable armature between them. This armature is linked by a 
variable-ratio lever to a contact rod projecting from one end of the 

detector. Motion of the contact rod moves the armature be- 
tween the coils, changing their impedance. The detector is 
- mounted on the front end standard and measures the axial motion 
of the shell with reference to the foundation, Fig. 2. \ ite 

In our turbines, the turbine casing is keyed at the rear or ex- sunction Gon me: 


A Detector weed special 


haust section, and axial expansion is always forward, away from et ee 
the generator. The scale on the recorder reads 0 to 250 mils full 
scale. To obtain total shell expansion, multiply the reading ob- wed bull goer 
tained on the recorder by the multiplier number marked on the Fig. 2 Oururne or Two Typrcat Tursine-Generator Sets 
scale in the space provided. Snowrne Puysicat Location or 
Differential-Expansion Detector. The differential-expansion ston Detectors <r 
— detector consists of two pairs of stationary coils on laminated c RED BAND 


a The difference in axial motion sm the shaft on which the bull 
ss gear or special ring is mounted and the shell changes the air gap, a: coeah nis 
thus varying the impedance of the coils, Fig. 2. The total air 
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Scates Usep in INsTRUMENTS 
Previous papers have been written,** in which the operation of 
the speed and camshaft position, bearing vibration, and shaft- 
eccentricity recording equipment were completely described. In 
order to aid in the interpretation of the records which wil! be 
described later, a brief review of the various scales used in the 
instruments and a few of the salicnt points are now given. 

The speed and camshaft-position recorder chart, Fig. 4, is 
marked with two sets of values; (1) speed in revolutions per 
minute, (2) camshaft position in per cent open. 

If the machine is being brought up to speed, the record made is 
referred to the speed scale. After the machine is brought to 
synchronism and placed on the line, it is no longer necessary to 
measure speed because the speed is determined by the system 
frequency. Upon closing the line breaker, the recorder is trans- 
ferred automatically to the measurement of camshaft position. 
The load on the machine is then indicated by the per cent rotation 
of the camshaft. Opening of the line breaker for any reason will 
return the recorder automatically to speed indication. 

The bearing-vibration scale, Fig. 4, is logarithmic to enable 
accurate reading of the low vibrations and still enable vibrations 
as high as 15 mils to be recorded on the same scale. A time 
Pe cen of Turbine Supervisory Instruments to Power Gen- 


ting Equipment,” by J. L. Roberts and H. M. Dimond, Trans. 
ASME, vol. 65, 1943, pp. 803-809. 


switch is provided so that up to five detectors can be recorded in 
sequence, A short pause is provided between the end of the last 
bearing recorded and the start of a new cycle, thus giving a refer- 
ence point to pick off which bearings are being recorded. 

The shaft-eccentricity scale, Fig. 4, is linear and consists of two 
scales—one for turning-gear operation, and the other for steam 
operation. When the machine is on turning gear the measure- 
ment of eccentricity is the width of the band drawn on the chart 
regardless of its position on the chart. If the machine is taken 
off turning gear and rolled by steam, the scale is transferred auto- 
matically by a switch operated by the turning-gear mechanism on 
the turbine so that the measurement of eccentricity is from 0 left 
to 15 mils full scale right, on the chart. 

The shell and differential-expansion recorder chart, Fig. 4, is 
linear and marked with two sets of values, explanation of which 
has already been given. 


Recorp ANALYsis 


Since the value of these instruments depends upon the ability 
to analyze the records obtained, there are herein described a num- 
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pending trouble. 

Fig. 4 shows a set of records taken from a 35,000-kw 3600- 
rpm high-pressure element of a 125,000 cross-compound turbine- 
generator unit during a shutdown. Of particular interest is the 
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slope of the differential-expansion record which indicated that 
the clearance between the rotating and stationary elements of 
the turbine had decreased to a minimum allowable value. 

At 7:30 p.m. the machine was carrying very nearly full load as 
indicated by the camshaft-position chart. Eccentricity, vibra- 
tion, and differential expansion were normal. Starting at 7:33 
p.m., the load was reduced gradually so that by 9:45 p.m. the load 
was down to about '/, of rating. The eccentricity and vibration 
records were normal during this period, and the differential-ex- 
pansion recorder indicated that only a slight change of forward 
clearance had taken place during this interval. At this time the 
forv«ud clearance began to decrease at a greater rate. A record 
of the initial steam temperature at the throttle showed that the 
steam temperature began to decrease at a rapid rate at 9:45 p.m. 

Theunloading cycle was continued and at 10 :27 p.m. the unit was 
taken off the line and allowed to operate at full speed (3600 rpm) 
until 10:58 when it was tripped out. During the unloading in- 
terval (9:45 p.m. to 10:27 p.m.) and the no-load operation, the 
forward clearance of the turbine continued to decrease. 

It should be noted that when the unit was taken off the line at 
10:27 p.m., and run at no load, the eccentricity recorder traced a 
small band on the chart during this period. This is a normal 
phenomenon on 3600-rpm machines. Whenever the speed of the 
machine is just off system frequency or speed (either high or low), 
the recorder will trace a small band which is explained as follows: 

The frequency of the shaft eccentricity is determined by the 
speed of rotation of the shaft. Consequently, when this rota- 
tional speed is a little above or a little below system frequency, a 
beat frequency exists between the shaft eccentricity and the 60- 
cycle power supply of the recording equipment, and the recording 
pen will follow this beat frequency. Thus a small inked band 
will appear on the chart, However, when the unit is phased-in, 
the beat becomes zero and the pen will draw a straight line. 
When the speed becomes appreciably greater or less than the 
system frequency, the recording mechanism no longer can follow 
the beat frequency, and the band will converge into a straight line. 
This was shown when the unit was allowed to decelerate at 10:58 
p.m, 

The differential-expansion slope appeared to increase at a 
greater rate when the unit was taken off the line and run at no 
load. At 11:40 p.m. the unit came to rest and was placed on 
turning gear. Differential expansion at this time was 90 mils. 
The red danger band on this particular unit ended at 84 mils. 

If the differential expansion had decreased any further rubbing 
would have taken place. Although the operation in this instance 
was satisfactory, we believe that the differential expansion would 
not have reached such alow value if the machine had been allowed 
to decelerate when it was taken off the line. 

Fig. 5 shows the vibration and eccentricity records from a 
60,000-kw, 3600-rpm noncondensing machine in which the gen- 
erator rotating-element field coils failed to ground. Referring to 
the records from 3:00 a.m. to 7:28 a.m, the record indicates the 
machine was normal while carrying fullload. During this period 
the shaft eccentricity was steady at a value of 4*/, mils, and the 
bearing vibration was constant with the number 4, or generator- 
end bearing, at 1.2 mils. At 7:30 a.m. the shaft eccentricity in- 
creased very rapidly to 7 mils and oscillated. At the same time 
the bearing vibration increased to about 2 mils at No. 1 bearing. 
The shaft eccentricity showed rapidly varying values until 7:42 
a.m., at which time the eccentricity leveled off at 12 mils. The 
bearing vibration in the meantime was steadily increasing. At 
8:36 a.m. the shaft eccentricity dipped rapidly and then went to 
14 mils. At the same time the bearing vibration increased still 
further. Between 8:30 a.m. and 8:45 a.m. the unit vibrated so 
violently that it was taken off the line. 

The unusual records were caused by a field coil on the 
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generator rotor failing to ground. This failure developed 
a high loca) heat concentration which resulted in a shaft 
bow that became steadily worse with time. Inspection of the 
unit following the shutdown disclosed that all the bearings on 


both the turbine and generator were wiped, and considerable 


damage was found on the oil deflectors 


> 


SHAFT ECCENTRICITY BEARING VIBRATION- 


Fic. 5 Eccenrriciry anp Visration Recorps TaKen From a 
60,000-Kw 3600-Rem Nonconvensinc Tursine Generator Dur- 
ING A Fiecp Faitvre 


The mechanical damage could have been minimised if the unit 
had been taken off the line at 7:28 a.m. when both the eccentricity 
and vibration recorder indicated an unusual operating condition 
instead of allowing it to continue. 

Figs. 6(@ and b) show an initial start-up of a 125,000-kw cross- 
compound turbine generator, consisting of a 35,000-kw 3600-rpm 
high-pressure unit, Fig. 6(a), and a 90,000-kw 1800-rpm low- 
pressure unit, Fig. 6(). It should be noted that the generators of 
all cross-compound units of this design are tied in electrically 


while on turning gear so that when the unit is rolled on steam, the 


speed of the low-pressure unit is always '/; of the high-pressure 
unit. The charts as shown started at 12 noon at which time both 
units were on turning gear. 

At 12:14 p.m., the unit was rolled. 
unit was increased to 500 rpm, Fig. 6(a), and was held at that value 
until 12:23 p.m. at which time it was increased rapidly to 1000 
rpm at 12:29 p.m. At this time the eccentricity started to in- 
crease gradually. At 12:30 p.m. the speed was again increased, 
at 12:36 p.m. this interval the ec- 
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centricity in the high-pressure unit increased rapidly from 1 to 9 
mils. The bearing-vibration recorder showed vibrations that are 
considered excessive for this type unit in this speed range. 

At 12:36 p.m., the stop valve was tripped, and the unit coasted 
to rest. During the deceleration period, the eccentricity in- 
creased and went off scale, and the vibration on the unit was ex- 
cessive. 

In Fig. 6(b) the records of the low-pressure unit during this 
period indicated normal operation. Proper interpretation of the 
record of the high-pressure unit, Fig. 6(@), at 12:30 p.m. indicated 
that the unit had developed arub. At this time the speed either 
should have been held constant or decreased, depending upon 
whether the shaft eccentricity remained constant or increased, 
thus preventing possible mechanical damage due to rubs. 

When the unit had decelerated to rest it was placed on turning 
gear, and the record indicates a shaft eccentricity of 10 mils. 
Turning-gear operation for | hr 40 min was required to reduce the 
shaft eccentricity to its original value. 

At 2:25 p.m. the unit again was started. The speed of the high- 
pressure unit Fig. 6(a) was increased to approximately 350 rpm 
(175 rpm for the low-pressure unit). The records of the high- 
pressure unit indicated normal operation. At 2:32 p.m. the shaft 
eccentricity on the low-pressure machine Fig. 6(b), started to in- 
crease as the speed had been increased to 250 rpm. Noting this 
increase, the operator held constant speed around 150 to 250 rpm 
until the shaft eccentricity decreased to its original value. This 
required about 1 hr 50 min of time. Then, as the shaft eccentric- 
ity on both units was normal, the unit was brought gradually to 
speed. 

The records for the second start-up indicate that a smal] rub 
had developed in the low-pressure unit. This fact was recog- 
nized, and the speed was held constant until the rub cleared itself 
and the shaft eccentricity decreased to normal. Then the usual 
start-up procedure was foilowed in bringing the unit up to speed 
without further difficulty. 

Fig. 7 shows the records obtained during a start-up of a 60,000- 
kw 3600-rpm reheat machine, in which a rub developed. The 
unit was rolled on steam at 4:12 p.m. and speed was increased to 
approximately 1900 rpm. At this speed the eccentricity started 
to increase, and the speed was held constant in order to determine 
if the eccentricity would increase further or decrease. The shaft 
eccentricity reached a value of 2.8 mils and started to decrease. 
However, the bearing vibration continued to increase so that at 
approximately 4:47 p.m. the unit was tripped out. As the unit 
decelerated, the shaft eccentricity decreased to about 1.5 mils and 
then increased rapidly to nearly full scale. The vibration still 
continued to increase. The machine was placed on turning gear 
when the unit came to rest, and the turning-gear record indicated 
a 7-mil shaft runout. 

In analyzing the records, it was noted that a rub developed at 
4:42 p.m., at which time the eccentricity was 2.8 mils, thus 
causing the shaft curvature to reverse itself. As the rub pro- 
gressed, the shaft eccentricity decreased to a minimum value and 
then increased rapidly. 

Fig. 8 shows the eccentricity, vibration, and speed and cam- 
shaft-position records of a 100,000-kw 3600-rpm tandem-com- 
pound machine during a bucket failure.” In this particular in- 
stallation two eccentricity-detector coils were installed 90 deg 
apart around the circumference of the shaft at the front end of the 
machine instead of the usual one. This was a special installation 
which was made for the express purpose of determining the ap- 
proximate direction of the major axis of the shaft-vibration ellipse. 
The two coils are connected to the measuring circuit through a 
time switch one after the other. As can be seen from the eccen- 
tricity record, the time that one detector is being recorded is 


shorter than the other. Consequently, it is easier to identify 4 ae 

The spikes or sudden surges of the pen part way up the scale 
are due to the switching of the measuring circuit from one detector es oa F 
to the other and can be disregarded. <7 ie 

At 12:05 p.m. the load was increased from 65 per cent to about _ < 
90 per cent load by 12:20p.m. This load was held constant for ern 
about 2 hr. The records indicate that during this period condi- 
tions were normal. ext 

At approximately 2:56 p.m. both the shaft eccentricity and = ve 
bearing vibration increased sharply. Eccentricity increased from 
approximately 1 to 5'/, mils, vibration from 0.3 mil to 1 mil. 

The operators immediately recognized that there was an unusual © 
condition present and made arrangements with the system to pick a anc 
up the approximate 100,000-kw load this unit was carrying so that ney , 
a shutdown could be made. 

At approximately 3 :08 p.m. unloading was started, and at 3:58 
p.m. the unit was taken off the line. During the unloading 
period the bearing vibration continued to increase. When the 
unit was shut down, inspection revealed that a bucket failure had 
occurred with a minimum amount of damage. It is believed that 
the damage was minimized by the prompt action of the operators 
in shutting the machine down after observing the abnormal rec- 
ords. Longer operation of the machine might have resulted in 
further damage. 

Fig. 9 shows the eccentricity, vibration, speed, camshaft posi- 
tion, and shell- and differential-expansion records from a 100,000- 
kw 3600-rpm tandem-compound turbine generator during a 
thrust-bearing failure. 

At the time the thrust failed, a second boiler was being placed 
on the line to take care of an anticipated load increase. It is be- 
lieved that the turbine received a slug of water when the second 
boiler was cut in which caused the thrust to fail. 

Examination of the records indicates that operation was normal 
up to about 1:32 p.m., at which time the camshaft-position re- 
corder indicated that the load was increased. At this time the ec-. 
centricity recorder immediately went off scale. The differential- 
expansion recorder indicated that the turbine rotor moved 
toward the generator 50 mils with respect to the turbine shell. This 
was immediately followed by alarms from the th: ust thermoalarm 
relay and high discharge thrust oil-temperature alarm. After 3 
min the unit was tripped off the line while carrying approximately 
80,000-kw load. 

It is to be noted that the vibration did not increase during this 
interval, since the rotor did not go down stream enough to rub the 
stationary elements. 

Further examination of the records after the trip-out indicates 
that the rotor continued to move toward the generator during the 
deceleration interval. It can be seen in this case that the turbine 
supervisory instruments immediately indicated the trouble and 
analysis of the eccentricity and differential-expansion records ob- 
viously showed that there was a thrust-bearing failure. 

Figs. 10(a, 6, and c), illustrate several eccentricity records made 
over a period of years, showing an increase in eccentricity caused 
by a loose thrust sleeve. These records were made on a 39,400- 
kw, 3600-rpm high-pressure element of a cross-compound unit. 
Fig. 10(a) shows the eccentricity record of the unit on load in 
July, 1945. Figs. 10(b and c) show the eccentricity record of the 
same unit during starting and loading in 1948. It should be noted 
that the shaft eccentricity in Fig. 10(b) (March, 1948), is the same 
as that in Fig. 10(a) (July, 1945). The eccentricity record in 
Fig. 10(c) (April, 1948), indicates that the shaft eccentricity had 
increased quite considerably over that shown in the previous rec- 
ords. 

Owing to the increase in eccentricity the unit was shut down 
and investigation revealed a loose thrust sleeve. Continued op- 
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eration under these conditions might have resulted in a thrust- rected before any damage resulted. This is borne out by the 
bearing failure. records shown in Figs, 10 and 11. 

Fig. 11 shows another instance of high shaft eccentricity which, 
after investigation, was found to be due to a locse thrust sleeve. Concwustons i 
This record was made on a duplicate machine of those shown in The shell- and differential sion recording equipment re- 
Fig. 10. cords in alternate sequence ce the 1 amount of forward expansion of =—s_—s 

The record shows a different eccentricity pattern in that the turbine shell or outer casing, and the differential expansionbe- =» 
it increased with load whereas in Fig. 10(c), it can be seen that the _ tween the shell and turbine rotor. The measurement of differen- nee 
eccentricity increased during the starting period and remained tial expansion not only provides an index as to the operating — eet 
constant during the loading cycle. As in the previous case, con- _ clearances between rotating and stationary elements but provides oa 
tinual operation with a loose thrust sleeve might have resulted ina extremely valuable information for setting up proper startingand = 
thrust failure. operating procedures on the higher-temperature machines. Ewe 

In turbines built by the authors’ company shaft eccentricity is The speed and camshaft-position recording equipment records ous 
measured from the thrust sleeve. This sleeve is concentric with the speed when starting up and shutting down the turbine and also ae 
and a close fit with the shaft at the governor end of the turbine. gives a measure of the load that the machine is carrying in terms _ 
It holds the thrust runner tightly against the shaft shoulder by of per cent rotation of the camshaft. This instrument is valuable - 
means of a shaft nut. Therefore, if the thrust runner becomes in analyzing events which take place when the line breaker of the 
loose it will work against the sleeve which, in turn, will cause an _ generator opens due to system disturbances. cu te 
increase in eccentricity reading. There have been two cases Bearing-vibration recording equipment records the amount ae : 
where this has occurred and the trouble was detected and cor- _ vibration on each of the main bearings of the turbine generator in aw 
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sequence, This equipment detects immediately disturbances 
which cause high vibration and also detects gradual long-time 
changes in vibration due to misalignment, and so forth.* 

Shaft-eccentricity recording equipment detects and records 
once per revolution shaft bow, the causes for which have been 
covered in a previous paper.* However, it is extremely helpful in 
detecting a loose thrust sleeve or runner which would not other- 
wise be detected by any other means until actual failure occurred. 

A complete set of turbine supervisory instruments is valuable 
since only a study of all records made by the recorders will give an 
over-all picture of the operating characteristics of the turbine 
generator at any particular time. Since the records for any par- 
ticular machine are peculiar to that unit, normal operating rec- 
ords and records of unusual conditions in the machine should be 
used by the operators as a guide in operating, detecting unusual 
conditions, and in the training of operating personnel. 

The interest that has been evidenced in the quick-starting of 
turbine generators makes the use of turbine supervisory instru- 
ments essential in order to keep track of the rapidly changing con- 
ditions, 
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T. T. Franxenserc.’ The authors are to be congratulated 
on presenting a paper of unique timeliness due to the trend for ee 
remote operation of many new turbines and the quick-starting of : 
older units. 

No turbine has been installed on the American Gas and Elec- — 
tric System since 1935, without two or more of the supervisory _ 9) 
instruments. Until 1941 only bearing-vibration and shaft- _ 
eccentricity recorders were used. Starting in 1942, the speed 
and camshaft-position recorder was added, Shell and differen- _ 
tial expansion recorders were not added as standard until 1949, __ 
though an earlier model of this device was given trials and is still | 
in use on a machine started during 1941. At present, 1575 mega- 
watts of generating capability is protected with these devices. = 
Equal or greater coverage is planned for the 1250 megawatts now 
under construction. 7 

In spite of this widespread use, there has been a considerable = 
reluctance on the part of operators to give full regard to the indi- a 4 = 
cation of these instruments. Several of the authors’ examples 
bear out this point, showing that immediate recognition of the r 7 
trouble (and appropriate action) would have minimized the dam-_ 
age or at least the period during which the turbine was placed in 
jeopardy by continued operation. The reason for such reluctance 
and the resultant hesitation is to be found at least in part in 
some of the early difficulties with this equipment. For example: aps ca 


1 Certain cam-operated selector switches created open cir-— 
cuits when the wires became disarranged. £ 
2 During the war it was necessary to make a circuit change in — 
all of the eccentricity units to lessen their sensitivity to defects in _ : 
the vacuum tubes then available. 
3 The field installation of the primary elements was not al- — La 
ways carefully performed so that wear and bearing heat lessened i * 
or eliminated their useful life. oy 
4 Finally, a number of minor mechanical failures in elec- 
trical components added to the time this equipment was out of 
service. 


An equal handicap to the operator’s confidence was the in-— 2 
ability fully to interpret those readings which he did have. ed *e 

A great deal of educational work remains to be done before the A ’ 
turbine supervisory instruments will be providing the operator 
with all of the information of which they are capable. This — tee 
should help considerably in the education of the top level of oper- | e : 
ating plant personnel. The magnitude of the remaining job, tA 
however, is indicated by the following comparison: ° In order to _ 
interpret the indications of these instruments to a highly intelli- - 
gent group which should be skilled in making engineering deduc- Ae 
tions, it was necessary to line up carefully the time co-ordinates se 
of the charts and then use an average of 250 words of explanation c+ y 
to point out the trouble. Now consider the typical operator in , 
the midst of some fast developing difficulty (who has many other 
responsibilities), and expect him to make a correct decision af- 
fecting four or five million dollars’ worth of turbine-generator 
equipment. The case for more education and clearer presenta- 
tion of the story is complete. 


cases four charts has led to inquiry into the possibility of com- 
bining these various records on a single chart. To date the lock 


tirely separate units. £2 
needed to interpret troubles adequately, and that presentation on — 
a single chart would eliminate faulty time settings between charts, 


7 Assistant Mechanical Engineer, American Gas and Electric 
Service Corporation, New York, N.Y. Mem. ASME. 
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conserve panel space, and, most important, save time for the 
operator when making comparisons during unusual operating 
conditions. Since the average size of turbine purchased by 
utilities has increased rapidly since World War II (see Table 
1, herewith), the cost of one additional record may be as little as 
0.25 per cent or even 0.10 per cent of the total cost. This should 
encourage users to accept the full complement of instruments for 
the protection of their equipment. 
TABLE1 AV ze AGE SIZE OF UTILITY TURBINES ON SHIPPING 
CHEDULE OF ONE MANUFACTURE R 


| 


H. Weisserc.* The justification for the supervisory instru- 
ments described by the authors is self-evident when we consider 
that the total installed cost is less than $20,000, and that these 
instruments are used to safeguard the operation of a machine 
which may cost as much as $4,000,000, and be part of a $30,000,- 
000 installation. The outage of these large units results in a 
daily loss up to $10,000. Detection of abnormal operating con- 
ditions which would avoid 2 days’ outage in the life of a machine 
would pay for the total cost of the instruments. 

It is suggested that development of additional instruments 
which will indicate the operating condition of the machine would 
be well justified. In particular, more information on the opera- 
tion of the thrust bearing, indicating perhaps the direction and 
amount of the thrust load, would be of considerable value for a 
continuous check of the condition of the blade path. 


nt, Public 
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8 Mechanical Engineer, Electric Engineering 
Service Electric and Gas Comper. Newark, N. J. Mem. / 


AvutHors’ CLosuRE 

The authors would like to thank the discussers for their interest 
in the paper and for the various points that were brought out. 
These discussions have emphasized the authors’ contention that 
turbine supervisory instruments are a valuable adjunct in 
turbine-generator operation. Several points have been brought 
up, however, that require further explanation. 

Some difficulty was experienced with the instruments early in 
their history as indicated in T. T. Frankenberg’s discussion. 
These difficulties have since been rectified by design changes. 
Drawing upon our long field experience with the instruments, a 
complete redesign has been made within the last year of al! four 
instruments that make up the turbine supervisory group. Our 
objective in the redesign was to make them more reliable and 
rugged and easier to service. 

The authors agree that educating the turbine operators in the 
interpretation of the records made by the instruments is a real 
problem. Recognizing a need for educational work, the authors’ 
company held a supervisory-instrument symposium early in 1950, 
which was attended by results engineers from interested power 
companies and our own district service men, Not only was the 
operation and maintenance discussed but those attending actually 
tested and calibrated the instruments. During this peried, a 
lecture with illustrations was given devoted entirely to record 
analysis. 

Recording simultaneously four instrument readings on one 
piece of paper is a desirable objective, yet no practical solution 
has been found. 

H. Weisberg’s suggestion of an instrument to measure the 
direction and thrust load is a good one. The differential-expan- 
sion recorder can be used to indicate and record thrust direction, 
provided the detectors are located forward of the thrust bearing. 
Such an application was used some years ago. At the present 
time a study is being made of the possibility of we an 
instrument to measure thrust load, 
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Field Inspection of Boiler 
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By J. A. TASH,' PITTSBURGH, PA. 


Details are given of the ultrasonic reflectoscope and its 
use in detecting defective small-diameter tubing. By 
means of the ultrasonic shear-wave method and the re- 
flectoscope, 90 sections of defective tubing, representing 
over 1500 ft, were detected and replaced in the convection- 
superheater outlet section of two boilers. 


INTRODUCTION 


EPEATED failures of defective superheater tubes seriously 
R threatened the continued safe operation of two new boilers. 

To forestall further forced outages it was imperative that 
the defective tubes be found and removed. Of the several non- 
destructive inspection methods considered, the ultrasonic shear- 
wave method and the “reflectoscope” looked most promising and 
eventually were successfully used in the field inspection of the 
tubes. By this means 90 tube sections, representing over 1500 
ft of defective tubing, were detected and replaced. 


NaTURE OF FarLuREs Derects 


The first tube failure oceurred after about 1200 hr of service in 
the convection-superheater outlet section of the No. 4 boiler, on 
March 15, 1950. This was followed by additional ruptures of 
tubes, one at a time and in the same region, on April 20, May 1, 
May 6, and May 19. Examination of one failed tube after an- 
other showed that the ruptures developed along one or more longi- 
tudinal seams that originated at the inner surface and penetrated 
75 to 90 per cent of the tube wall. In the region of the failure the 
seams were quite evident, Fig. 1. However, in adjacent unde- 
formed regions or in unfailed tubes the seams were not’ readily 
found or followed on either the tube cross section or the inner sur- 
face. The usual method of determining the presence of seams 
consisted of cutting a series of rings which were then deformed 
along several diameters by squeezing in a vise. This would cause 
the seam to open and become visible. The appearance of such 
seams in a polished cross section and in the section after a slight 
amount of deformation is shown in Fig. 2. It is to be noted that 
the amount of residual! metal near the outer surface is very small 
but was still sufficient to pass al! routine inspections and cold 
hydrostatic tests. 

Fig. 3 shows the comparative appearance between seams and 
the usual scratches and draw marks on the inner surface. The 
seams are delineated and appear in the illustration only because 
of some special manipulation. The seams located by the polished 
cross section of Fig. 2 were not photographed successfully until 
the section was washed with water, quickly dried, and photo- 
graphed while some moisture was stil] present in the crevices. 

The seam pattern varied. Some tubes had one, some more 
than one seam. In one tube from which a wall section 1'/, in. 


1 Chief Chemist, Duquesne Light Company. 

Contributed by the Power and Industrial Instruments and Regu- 
lators Divisions and presented at the Semi-Annual Meeting, Tor- 
onto, Ont., Can., June 11-15, 1951, of Tae American Society or 
MecuanicaL ENGINEERS. 

Nore: Stat and opi advanced in papers are to be 
understood as individual expressions of their authors and not those 
of the Society. Manuscript received at ASME Headquarters, 
May 8, 1951. Paper No. 51—SA-48. 
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Scrvice Because or Loncrruptnat Seams 


(a) (b) 
Fic. 2 Cross Sections or Derective 2-In-OD Tuse 


(a, Showing pronounced curvature of seams. 6, Appearance after a slight 
amount of deformation.) 


Frio. Comparative Appearance or Seams anp Draw Marks on 
Inner Surrace 
(Lower sections of seams are delineated by residual moisture in crevices.) 


wide and 20 in. long was blown out, six different seams were evi- 
dent. Similarly, some seams were long, some short, some inter- 
rupted, some overlapping; in several cases the seams extended 
the full length of the tube. 

The seams did not penetrate the tube wall radially but in- 
stead, as visible in Fig. 2, followed a regular curve, the direction 
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I} the seams of any one tube. 
Microscopic examination revealed that even though the seams 
were tight, they contained nonmetallic inclusions and frequently 
terminated in an enlarged smcothly rounded end, as visible in 
micrograph, Fig. 4. The faces of the crevice were parallel and 


Fico. 4 Microorarn or Seam, SHowine cecism or Faces as 
Tuoven X 50 


dovetailed with each other almost exactly as if resulting from a 
brittle rupture; however, there was a discontinuity in the grain 
structure across the seam as though the tube were annealed subse- 
quent to crack formation, As a rule, branch cracks and fissuring 
were absent except near ruptures or in cold-bent sections of tube. 


History anp Location or Derective TuBEes 


While the tubes of No. 4 boiler were failing with disconcerting 
regularity, the adjacent No. 5 boiler was being prepared for initial 
service. These were identical units each rated at 600,000 Ib per 
hr, 900 psi, 900 F. 

A review of manufacturing and fabricating history failed to dis- 
close any information that would help to discriminate between 
_ good and bad tubing. 

The chrome-moly superheater tubes for these boilers were 


from an alloy containing 5 per cent chromium, '/; per cent molyb- 
denum, and stabilized with titanium, conforming to chemical and 

physical requirements of ASTM A-213, Grade T-16. They were 
_ shipped to and stored in the fabricating plant as two lots, one 2 in- 
OD X 0.220-in. wall, and the other, 2 in-OD X 0.200-in. wall; 
some were 22 ft long, some were 24 ft. Altogether, there were 
2300 pieces which were cut, bent, and welded as necessary, and in- 
stalled as preformed sections in the wall of the radiant superheater 
and in the last one and one-half loops of the prefabricated ele- 
ments of the convection superheater. The sections were joined in 
the field by manual electric-arc welding using a 25 per cent chro- 
mium, 20 per cent nickel,d-c electrode. 
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In terms of footage the tubes were equally distributed between 
the radiant and convection superheater. Most tubes as indicated 
in the boiler cross section, Fig. 5, were in the vertical position. 
Those in the radiant superheater are tangent tubes forming the 
rear wall of the superheater furnace, and have perhaps three 
fourths of the tube surface exposed for examination. This is 
markedly reduced as the tubes enter the ashpit slope where only 
one side is visible. In the convection superheater the tube rows 
are on 3-in. centers in both directions so that only the outermost 
two rows, which consist of the last pass of staggered adjacent ele- 
ments, can be examined visually with any degree of accuracy. 


Inspection ParticLe 


The primary considerations in the search for an inspection 
method were ability to distinguish between good and bad tubing 
and adaptability to the anticipated working conditions in the con- 
fined spaces of the boiler. In view of the nearly 10 miles of un- 
favorably oriented and notably inaccessible tubing involved, 
speed was an important factor; however, we were willing to 
sacrifice speed provided the other requirements were met. 

The possibilities of the magnetic-particle method of inspection 
were investigated even though the method promised at best only a 
50 per cent coverage. A few experiments with currents of 400 to 
2000 amperes flowing through a section of tube about 5 ft long 
proved that a fair indication of the subsurface defects was secured 
only when the depth of seam exceeded 70 per cent of the tube wall. 
Low amperages failed to yield satisfactory indications when the 
tube axis was vertical, while higher values of current tended to 
show more false indications at scratches resulting from the cleaning 
by wire-brushing. Because of these indifferent results as well as the 
manifold unsolved problems of securing an adequate current 
density in the section being examined in the boiler, and the han- 
dling and positioning of electrodes, the experiments were discon- 
tinued in the hope that a more sensitive and adaptable method 
might be found. 


Inspection 


The ultrasonic “reflectoscope’’ was the next inspection method 
investigated and, as evident from the title of this paper, was suc- 
cessful. Since its introduction during the late war, considerable 
data have been accumulated on the use and application of the 
longitudinal wave in detecting deep-seated defects in a wide range 
of forged and rolled products. More recently there has been a 
rapid expansion in the use of the shear-wave technique. The 
latter scheme has proved effective for locating root cracks and 
longitudinal bead cracks in welds and had been reported success- 
ful in the detection of longitudinal seams and defects in pipe.* 

The basic principles of ultrasonic inspection by both the longi- 
tudinal- and the shear-wave methods are the same and have been 
described in detail in previous papers.**** The material being 
examined must be homogeneous and be able to transmit a me- 
chanical vibration such as a sound wave, meaning that it has a 
high modulus of elasticity. 

The ultrasonic reflectoscope consists of three essential units, a 
pulse generator, an oscilloscope, and a searching unit. The last 
consists of an X-cut quartz crystal which acts as the transducer 
between electrica) oscillations and mechanical (ultrasonic) vibra- 
tions. The pulse generator produces bursts of electrical oscilla- 
tions which are fed by coaxial cable to the quartz crystal and 


* “Ultrasonic Flaw Detection in Pipes by Means of Shear Waves,”’ 
by C. D. Moriarty, Trans. ASME, vol. 73, 1951, pp. 225-235. 

* “Supersonic Flaw Detector,” by R. B. Delano, Jr., Electronics, 
vol. 19, January, 1946, p. 132. 

‘The Supersonic Reflectoscope for Interior Inspection,” by F. A. 
Firestone, Metal Progress, vol. 45, 1945, p. 505. 

* “Symposium on Ultrasonic Testing,”” ASTM Special Technical 
Publication 101 (1951), American Society for Testing Materials. 


Te > —— 
— — 
ory, 


TASH—FIELD INSPECTION OF BOILER TUBES WITH ULTRASONIC REFLECTOSCOPE 


it 


Va 


pon: 
tedly hoe sal 

iat Fic. 5 Cross Section or 

"abi (Defective oe in radiant superheater snes rear wall of superheater furnace and in last 1'/: loops of convection superheater.) 


if 


204 


there converted into ultrasonic vibrations. In the longitudinal- 
wave method these are directed through one surface of the mate- 
rial as narrow beams that are reflected by the opposite face of the 
material or by a crack, inclusion, or any other discontinuity along 
the path. The reflected mechanical vibration is picked up and 
converted by the quartz into electrical oscillations which appear on 
the oscilloscope screen as a “pip” whose displacement from the 
origin varies with the time for the complete circuit. 

In the shear-wave technique as used with tubes, the ultrasonic 
beam is projected at an angle into the tube wall, where it rebounds 
between inner and outer surfaces until reflected at a discontinuity 
in the metal, or comes back to the point of origin to be picked up 
by the searching unit. This is shown diagrammatically in Fig. 6. 
The successful procedure was essentially that described by 
Moriarty.? After some experimentation it was established that 
the smaller '/,-in-square crystal, 2.25-megacycle angle beam type 
was better than the conventional 1-in-square for the size of our 
tubing 
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(A, At 45 deg to outer surface when wave is centered properly. B, At much 
larger angle at reduced sensitivity when incident sonic meas makes angle 
greater than 32 deg with tube surface. 


The searching unit was mounted in a special plastic adapter 
which was shaped to fit the cylindrical contour of the tube and 
served to preserve alignment between the tube and the crystal. 
The quartz crystal is so oriented in the searching unit that the 
angle between the plane surface on which it is placed and the re- 
sultant shear waveis approximately 45deg. Refraction of the sonic 
beam at the interface between lucite and steel accounts for ap- 
proximately a 13-deg change in direction; consequently, the 
angle between the face of the quartz crystal and the surface being 
examined is approximately 32 deg. This is shown diagrammati- 
cally in Fig. 6, position A, where the angle is measured between the 
plane of the crystal and the plane tangent to the tube. This 
angle is geometrically equivalent to the angle between the normal 
to the tangent plane (N ) and the normal to the erystal plane (P). 

For large crystals and large-diameter tubes, the location of the 
crystal with respect to the point of tangency is not critical; how- 
ever, with the smaller searching unit and tubes of smaller diame- 
ter, it is important that the mid-point of the ultrasonic beam 
strike the tube surface very near the point of tangency. When, as 
in Fig. 6, position B, the point of entry of the sonic beam is dis- 
placed slightly so that the incident angle is other than 32 deg, the 
resultant shear wave has reduced intensity and sensitivity and 
may be misdirected so as to miss the inner tube wall completely. 
For the 2-in. tubing, the point for grinding the lucite adapter was 
determined with sufficient accuracy by sighting. Final adjust- 
ment of the searching unit in the adapter was made by observing 
the magnitude of the indication produced while exploring a short 
section of defective tubing. 

For inspection purposes, the tube to be examined was wiped 
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clean to remove loose dust and copiously brushed with SAE 30 
oil, which acted as a lubricant, obviated minor surface irregulari- 
ties or deposits, and provided continuity of sonic-wave-conducting _ 
material between the searching unit and the tube. Oil was used 
also to insure sonic contact of the searching unit with the lucite 
adapter. The composite searching unit was rocked back and _ 
forth over 90 to 120 deg of the tube circumference while slowly 
moved along the tube lengthwise; the pattern was analogous to | 
the weave used in arc welding. In the examination of tubular — a 
material as distinguished from examination of plates, where the 
sound path has a finite length, the presence of a defect is recog- = 
nized not by the existence of a pip but by its movement — 
the oscilloscope screen as the searching unit is moved circumfer- _ 
entially. It is by this movement that a pip due to a defect is _ 
differentiated from those due to interference and from the stand- _ 
ing-wave patterns that flash on the screen solely because the 
searching unit moves over a relatively rough surface. 

Some of the tube sections removed from the boiler during ie 
epidemic of failures were used to test the ultrasonic shear-wave _ 
method in the shop. After standardizing on a short section of © 
defective tubing, the operator readily differentiated between the | 
good and defective pieces offered for examination. The indica- _ 
tion on the oscilloscope screen was positive; the beginning i 
the end of a seam could be fixed within '/,in. There was no need © 
for careful observation of the tube surface. The entire tube 
circumference could be examined provided one quadrant was — 
within reach of the operator. Furthermore, the method was 
equally effective for any position of the tube. 
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There were several problems, however, that related to the use of Ss 
the method in the furnace and gas passes of the boiler. The 
footing was not as secure, the tubes were not always straight, and bias 
the arrangement of instrument and searching unit not as con- >, 
venient. The maximum length of cable between the exploring — “a 
crystal and the pulse-generating unit was established at 12 ft; a 
greater length resulted in reduced sensitivity. Furthermore, in | 
order to interpret the findings reliably, it is necessary that the hig 
operator of the searching unit be able to see the oscilloscope “4 
screen. The tubes of the radiant wall and the convection-super-_ 
heater outlet section were examined by taking the unit into the | 
furnace through the ashpit door and operating either from a 
swinging scaffold or a platform built on needle beams. In the 
outlet section, the operator was in the gas passes, Fig. 7(b), and 
watched the oscilloscope located beyond the tubes at his right, 
Fig. 7(a). It was while exploring the tubes of this region that the 
field standardization was made. 

The first group of tubes were examined with extra care and con- 
stant reference to the short section of defective tubing which 
served as a check on instrument operation. The indications 
were classified as being major, medium, and minor, and their exact 
locations along the tubes were recorded. These tubes were re- 
moved in their entirety, cut up, and examined visually and tested 
for seams by deformation in a vise. In this manner it was estab- 
lished that all major indications were cause for removal and that 
minor indications invariably were due to score marks on the inner 
surface. The number of medium indications was small, and nothing 
was found wrong with the tubes examined, although score marks 
were present. During the course of the field inspection there 
were a few tubes which gave a stationary pip comparable in 
size to that of a major indication. When these tubes were cut and 
examined, no defects of any kind could be found; however, many 
deep draw marks were found scattered around the tube circumfer- 
ence. 

The inspection of the radiant wall was conducted from a swing- 
ing scaffold, Fig. 8. Defective sections of tubing were found in 
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(Operator was located in gas passes and watched reflectoscope placed on 
platform on opposite side of tube bank.) 


Fic. 9 Inspect 


Raptant Watt 


both boilers near the roof, midway in the wall and in the ashpit 
slope. 

The inspection of the last pass of the convection superheater 
was a test of both men and equipment. There were only about 20 
in. of working space between the face of the tubes examined and 
the refractory baffle hung on the generating tubes. Vertically, 
the space was divided by “kicker baffles,” and by soot 


or Last Pass or Con- Fic. 10 
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blowers and their supports. Typical working conditions at dif- 
ferent elevations are shown in Figs. 9 and 10. In Fig. 9 the 
reflectoscope was turned to face the camera so as to be recognized; 
normally, the oscilloscope was turned toward the operator as in 
Fig. 10. The latter view shows the reflectoscope enclosed in a 
special “homemade’’ protective shield which was necessary be- 
cause of the incongruity between the size of the access doors and 
the size of the instrument case. 

Most of the troubles experienced were associated with the 
working conditions. Constant flexure of the cable adjacent to 
the exploring unit and the severe use of the searching unit itself 
caused several failures of the conducting wire. A more 
type of construction for both the crystal holder and the cable con- 
nector would be an advantage for this type of work. The abra- 
sive action of the tube surfaces on the lucite adapter caused it to 
wear rapidly and to require frequent regrinding and replacement. 
However, in no instance did the severity of the trouble rise above 
the nuisance level. 

Since this initial field experience in the ultrasonic inspection of 
small-diameter tubing, one tube manufacturer has further de- 
veloped the method and applied it to the mill inspection of tubing 
assmallaslin.OD. A corresponding growth of the method as a 
power-plant maintenance tool may be expected as more engineers 
and operators investigate its possibilities in solving routine oper- 
ating problems. 
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CONCLUSION 

The ultrasonic reflectoscope was investigated and found tobea 
practical tool for the field inspection of small-diameter tubing. 
Through its use in the furnace and gas passes of two boilers, the 


2-in-OD chrome-moly superheater tubes having defects of manu- 
facturing origin were identified successfully. The replacemer of 


these tubes alleviated a serious operating condition. 
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J. H. Eppy, Jr.* In reviewing Mr. Tash's paper it is felt that 
certain statements should be clarified from a practical standpoint. 
Having supervised and performed the actual reflectoscoping 
operation of the boilers, on which this paper is based, the writer 
offers the following comments: 

In the plastic adapter, Plexiglas, not lucite, was used for it 
seemed to give better results, especially in obtaining the correct 
angle of refraction, 

In the use of the plastic adapter it was found that if the 
thickness was greater than */,, in. at the tangent point, the re- 
sponse was damped almost to the point where interpretation of 
the picture on the oscilloscope screen was impossible. The con- 
tour of the working face of the plastic adapter must be in perfect 
alignment and centered with respect to the searching head and 
crystal. 

If any air bubbles are present between either the plastic adapter 
and the searching unit, or the boiler tube and the adapter face, 
false indications might readily result. This was especially 
troublesome when the plastic was worn down by continuous usage 
to less than '/,, in., and the adapter piece would readily flex or 
bend allowing the bubbles to form. However, with careful 
manipulation, the best indications were obtained with the adapter 
at minimum thickness. 

The main failures occurred in the connecting wire in the search- 
ing unit itself. Continued usage seemed to cause the soldered 
connection of the wire to the back of the crystal to break loose. 
The construction of the searching unit had to be flexible enough 
to assemble and repair when necessary. It is believed the design 
has been improved to eliminate such failures. The continuous 
presence of fly ash and dust in the boiler made it necessary to com- 


*Service Department, Foster Wheeler Corporation, New York, 
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pletely clean the connec iain wire from the searching head to the 
instrument at least two or three times a day to minimize break- 
downs. 

It is imperative to have a test specimen available so that the 
reflectoscope may be frequently adjusted and calibrated. In this 
manner false indications can be eliminated and any breakdown 
of the equipment detected. 

Operating the reflectoscope at the maximum speed resulted in 
the removal of ninety tubes from these boilers. Sixty per cent of 
the tubes removed were checked by other means and of a 
ninety per cent were found to be defective. 

AvurHor’s CLosuRE 

Mr. Eddy’s explanatory remarks and the correction on the 
brand of plastic used are appreciated. Lucite and plexiglas are 
both clear thermoplastic materials of the methacrylate type and 
for most uses are interchangeable; however, in our testing the 
plexiglas was the superior ultrasonic coupling material. Whether 
this superiority of plexiglas is characteristic of the material or of 
the particular pieces tried has not been determined. 

Each new application of ultrasonic testing is essentially a 
modification of a previously established testing procedure. 
Consequently, in the interest of brevity, many details and prin- 
ciples of our testing procedure were omitted from this paper 
since they have been adequately covered in the publications of 
the footnotes. In any application of ultrasonic testing judicious 
experimentation is generally more fruitful than theoretical com- 
putations; for, as Hasting and Carter stated (footnote 5, p. 36), 
“regardless of the means of detection employed, the interpreta- 
tion of test results is primarily based upon a knowledge of the 
basic theory regarding ultrasonics and a certain amount of actual 
experience.” The necessary experience is acquired only by trial 
and error testing and comparison of samples with and without 
known defects. 
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Methods of Reducing Dust Emission From a 
Spreader-Stoker-Fired Boiler Furnace 


By W. C. HOLTON! 


Forty-seven tests were made on a continuous-ash-dis- 
charge spreader-stoker-fired boiler to determine means of 
reducing dust emission. In addition to burning rate, varia- 
bles investigated were the amount of overfire air, the use 
of air, steam, and steam-air jets, the location of steam jets, 
the degree of reinjection used, and coal size. These tests 
showed that the use of overfire-jet turbulence decreased 
smoke density, carbon loss, and dust emission from the 
furnace. It was found that steam jets located low in the 
rear wall gave the lowest dust emission. Reinjection of 
all collected cinder decreased carbon loss to one fourth of 
its value without reinjection, but doubled the dust-load- 
ing of the stack gases. The use of double-screened coal was 
found to reduce dust emission appreciably. 

This project was org d by Bitu Coal Re- 
search, Inc., which obtained the participation of the 
American Engineering Company, Combustion Engineer- 
ing-Superheater, Inc., Detroit Stoker Company, Hoffman 
Combustion Engineering Company, Iron Fireman Manu- 
facturing Company, Riley Stoker Corporation, and West- 
inghouse Electric Corporation. The project was also sup- 
ported by the General Motors Corporation which furnished 
the test site, special test facilities, and the coals used. 


LANT operators have been quick to recognize the ability 

of the spreader stoker to burn coals of a wide range of 

size and type, to respond quickly to load changes, to operate 
easily, and to require a minimum of maintenance, even when 
operating at high burning rates. The design permits ready 
synchronization with most types of boilers to meet widely dif- 
ferent plant-space conditions. Because of these advantages, the 
number of spreaders installed has increased greatly in the past 
few years. At the same time that spreader-stoker installations 
have become more common, increased attention has been directed 
toward the subject of air pollution. Public demands for the abate- 
ment of smoke and dust nuisance, regardless of the source, have 
often been directed toward suspension-burning devices, such as 
the spreader. 

Little factual information was available on the amount and 
methods of reducing the carry-over from spreader-stoker-fired 
boilers. To obtain the desired information, a Spreader Stoker 
Research Committee was formed in 1948, by the sponsors named 
in the ‘‘abstract,”” to develop and conduct a program of research. 
After considering a number of possible test locations, the boiler 
plant of the Brown-Lipe-Chapin Division of Genera] Motors 
Corporation in Elyria, Ohio, was chosen as the most suitable 
test site. Battelle was asked to conduct the tests and analyze 
the results. 


1! Battelle Memorial Institute. 

2 Supervisor, Memorial Institute. Mem. ASME. 
Contributed by the Fuels and Power Divisions and presented at 
the Semi-Annual Meeting, Toronto, Ont., Can., June 11-15, 1951, 
of Tae American Socrety or Mecuanicat ENGINEERS. 

Nore: Stat ts an ini advanced in papers are to be 
understood as individual expressions of their authors and not those 
of the Society. Manuscript received at ASME Headquarters, 
March 2, 1951. Paper No. 51—SA-20. 
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The original objectives of the program were to obtain factual 
information on the amount of, and methods of reducing, cinder 
and fly-ash carry-over from spreader-stoker-fired boiler furnaces. 
To obtain these objectives, the effect on dust emission of the 
following factors was to be investigated: 


Overfire air and cinder reinjection, singly or combined. 
Steam jets. 
Partial and total reinjection. at | 


Test 


The first step was to determine the dust loading obtained when 
operating without overfire-air jets or cinder reinjection, in 
order to obtain a base point to use in future work. Tests were 
then run under normal operating conditions, that is, using 5 
per cent overfire air with total cinder return. These results, 
which were representative of good operating practice in the test 
plant, gave other base points for comparison. 

Other tests were planned to determine what other operating 
variables might be changed to reduce dust emission. Other 
criteria used in evaluating test results were smoke density, car- 
bon loss, and the percentage of CO, in the flue eas. The addi- 


operating variables previously outlined. 

Plant Equipment. Fig. 1 shows a side slevadion a the test 
plant. The boiler is a Wickes 60,000-Ib per hr four-drum bent- 
tube unit, which was erected in 1946. Three sides of the furnace 
are water-cooled. No superheater, air heater, or economizer is 
provided. All tubes are 3'/, in. OD; waterwall tubes are 9 in. on 
centers, and bridge-wall tubes 6 in. on centers. This unit is fired 
by a Detroit Rotograte (conti ash-disch | 
stoker consisting of three feeders and a grate 10 ft hi in. wide 
and 14 ft 8 in. between centers of the grate sprockets. The area 
of grate inside the furnace proper was taken as 131.25 sq ft, and — 
the furnace volume as 2600 cu ft; total furnace volume is il 
cu ft. 

Primary air is furnished by a No. 360 American Blower forced- 
draft fan driven by a 28-hp Elliott turbine. Cooling air, which is 3 
admitted to the furnace under the stoker feeders, is taken off the 
primary-air duct. Overfire air is supplied to the furnace bya __ 
Buffalo Forge Type 6-E blower with a 7'/;-hp motor operating at 
3600 rpm. This air is admitted to the furnace through three 
jets and two reinjection nozzles located in the rear wall, all — 
five jets being 18 in. from the grate and pointed down toward the 


APPARATUS 


imaginary intersection of the front wall with the grate. Five ns ee 


overfire jets are also located 18 in. from the grate in the front 
wall, but are pointed in a horizontal plane. This front-wall 
overfire air is automatically varied with load by a mechanical 

linkage to the fuel-feed control. se 
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A Sturtevant fly-ash-separating induced-draft fan provides a 
measure of dust collection as well as induced draft. The main 
purpose of the collector section of this fan is to protect the im- 
peller rather than to reduce stack emission. The fan is powered 
by an Elliott turbine, and the secondary (blowdown) fan is 
powered by an electric motor. Cinder from the collector hopper 
is normally piped to the boiler hoppers, where it is aspirated with 
the boiler cinder into the furnace. No rotary valves or other seal- 
ing devices are used between the collector hopper and the boiler 
hoppers. A stub stack is mounted directly on the outlet of the 
induced-draft fan. 

Instrumentation of the boiler and furnace consists of a Bailey 
steam flowmeter, draft gages, and combustion control. 

Coal is dumped into a track hopper under a railroad siding 
which discharges to an apron conveyer and then to a vertical 
bucket elevator. Coal may be placed by a scraper conveyer 
into one of two coal silos (each of which has a live storage capacity 
of 45 tons, and dead storage capacity of 305 tons), or may be 
chuted into yard storage. A reclaim apron conveyer moves 
coal from the reclaim hoppers, into which it is pushed by a bull- 
dozer, into the vertical elevator. Coal flows by gravity from 
live storage te an automatic Stock coal scales and through a 
Stock coai chute to the stoker hoppers. 

Ash disposal is effected by a United Conveyer ‘“Nuveyor” 
system which is piped to the collector hopper, grate ash hopper, 
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and undergrate (siftings) hopper. 
silo. 

The output of the boilers is normally used to supply process: 
steam and heating load, and to drive a large air compressor. 
Because much of the process steam is lost and, consequently, a 
large amount of make-up must be supplied, the plant uses a 
240,000 lb per hr water-treatment system. 

Test Equipment. Sufficient additional instrumentation was 
installed in the test plant to obtain complete information on — 
rates of air flow and cinder and ash collection. Primary-air a 7 
was determined by readings of Kiel tubes, which measured impact 
pressure, coupled with a piezometer ring for measurement 0} 
static pressure. The differential pressure was read on an in- 
clined manometer, and the static pressure by means of a vertical 
water column. The temperature of the primary air was read 
from a thermometer inserted in an oil-filled well which was welded 
into the duct. The amounts of high-pressure (overfire) and 
cooling air were determined from readings of the differential pres- 
sure between piezometer rings and impact tubes with which the 
ducts were traversed. As in the primary-air duct, temperatures 
of the air in the duct were recorded. Wet and dry-bulb 
thermometers were placed at the inlet to the high-pressure 
blower (or the forced-draft fan, when overfire air was not used) to 
determine the room temperature and the amount of moisture in 
the air. All readings used in obtaining air-flow rates were taken 
hourly. A check on the total air-flow rate was furnished both 
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by the Pitot tube used in dust sampling and by the gas-flow rate 
calculated from the Orsat analysis of the flue gas. 

Refuse discharged from the traveling grate was removed from 
the hopper hourly, was weighed, sampled, and then dumped into 
the ash-conveyer system. This was done hourly during the test, 
except when the rate of flow was heavy, in which case the hoppers 
were cleaned every 30 min. The hopper doors were kept closed 
as much as possible to avoid undue disturbance to the furnace 
draft. The small amount of ash that sifted through the grate 
was removed from the undergrate (windbox) hopper as soon as 
possible after each test. When it was established that this 
weight of ash was negligible, no more weights were recorded. 

In addition to recording the usual! pressures and drafts from the 
instruments on the main control board, the grate speed was re- 
corded during two series of tests. Feedwater temperature was 
also recorded for use in calculations. Quality of the steam was 
not measured; saturation was assumed in the calculations. 
The steam-flow rate was calculated from the readings of the 
meter integrator for all but the last 18 tests, in which the curves 
were integrated manually. 

Cinder from the boiler hoppers was removed periodically dur- 
ing each test (except in eleven tests); it was weighed, sampled, 
and either returned to the furnace or discarded, according to the 
conditions of the test. The cinders were returned either by 
steam or by air ejectors, which aspirated the material first from 
barrels on the floor, but later from hopper-bottomed barrels 
placed overhead on a temporary platform erected below the 
collector hopper. Barrels of cinder first were hoisted with a 
block and tackle but later by an electric hoist. Boiler cinder 
to be discarded was dumped into the ash-conveyer system. 

The weight rate of coal flow was obtained directly from the 
dump counter on the Stock scales by taking readings every half- 
hour. Samples of coa! for chemical and size analyses were taken 
by passing a scoop across the conveyer belt while coal was being 
fed into the scale hopper. The scales were calibrated at frequent 
intervals to insure accurate weight measurements. 

Cinder from the dust-collector hopper was first removed 
through a double-valved lock-hopper arrangement which pre- 
vented flow of air into the collector. This material was weighed, 
sampled, and returned to the furnace or discarded, according to 
the test conditions. At first, reinjection was accomplished by air 
or steam-jet ejectors drawing the cinders from barrels on the floor. 
Difficulties with this system led to the construction of a tempo- 
rary platform below the collector. The lock hopper was moved 
to this location, and the collector cinder, after being weighed, 
was removed from the hopper-bottomed barrel by gravity and 
the ejector suction. For the last tests, the lock hopper was re- 
placed by an arrangement which made it possible to collect cinder 
in one barrel while reinjecting the material from another. In 
this way the barrels were alternated to give a steady flow of 
cinder when reinjecting. Slide gate valves were used at both the 
inlet and outlet of the open barrels. The operators were careful 
to see that no air leaked into the collector hopper through an 
open valve or into the ejector suction through the empty barrel. 

At another test station, adjacent to the induced-draft fan, the 
Orsat equipment, smoke recorder, and temperature recorder 
were located. Gas-sampling lines from each of the two ducts 
leading to the induced-draft fan were brought to the Orsat, con- 
nected to a manifold, and gas samples were withdrawn by means 
of an air aspirator. A photoelectric smoke meter connected to a 
recording potentiometer, calibrated in Ringelmann numbers, 
was used. Six chromel-alumel thermocouples were placed in 
each of the offtake ducts at approximately the centers of equal 
areas. The thermocouple wires were led to a 12-point recording 
potentiometer. 

Dust emission from the stack was obtained by traversing the 


stack, using equipment and procedure as outlined in the ASME _ 
“Test Code for Dust Separating Apparatus.” The apparatus 
consisted of a Pitot tube, sampling tube with various sizes of 
nozzles for use at varying stack-gas-flow rates, a small cyclone 
separator for removal of coarse particles, a can to hold the bag 
used to retain the finer dust particles, blowers (or ejectors) to 
furnish suction, and the necessary barometer and gages. The 
flow rate of gas withdrawn from the stack was measured with a 
Venturi. In most cases, it was necessary to restrict sampling — 
time to 8 min for each point of the 10-point traverse (in one 
direction) in order to obtain sufficient points during the test for 
an accurate determination of dust concentration. Wherever 
possible, two complete traverses of the stack were made during _ 
the course of each test. Sampling points were chosen as centers 
of equal areas, each representing one tenth the stack area 

Test Procepure 

The boiler-plant operators were given instructions to bring the 
steam output of the boiler up to the load at which the test was to 
be run, about 2 hr before the start of the test. For low-load 
tests, two boilers were carried on the line, with the boiler on test 
being held at fixed output and the plant-load fluctuations being 
carried by the second boiler. For tests at full load, only one 
boiler was used. Excess steam was vented to the atmosphere 
during full-load tests when the plant load was low. In all cases, 
the boiler was operated at test conditions for a period sufficiently 
long to allow for stabilization of bed conditions, temperatures, and 
steam output before the actual test was begun. This included 
the operation of the reinjection system before tests which were to 
be run under this condition. 

Ideally, the length of run preliminary to any test should have 
been determined by the length of time required for the grate to 
discharge all the fuel bed which had been built up prior to the 
test. In the case of the low-load tests, this time would have been 
prohibitive in view of the &hr duration of some of the tests. 
Consequently, the preliminary run usually did not exceed 2 hr 
in length. During the period before each test, the stoker settings, 
overf.re-jet_ pressures, and grate speed necessary for best opera- 
tion were established. The operators attempted to operate for 
the duration of the test without changing these settings, in order 
to assure operation at steady state. 

Nearly half the tests were run for an 8-hr period. The remain- 
ing tests lasted 4 hr. 


CALCULATIONS 


Although samples of coal were taken during each test, only 
one ultimate analysis was made for each group of tests with a 
given coal. This analysis was made of a composite sample which 
was made up of portions taken during the individual tests. Be- 
cause coal samples were analyzed for ash and moisture content 
for each test, it was possible to calculate an ultimate analysis — a 
for each test in a given group. Heat-balance calculations were bie at 
then made using the calculated ultimate analysis. : 


form presented in the ASME ‘Test Code for Stationary Steam- 
Generating Units.” Radiation loss was taken from the ABMA 
Radiation Loss Chart presented in this test code. a ; 
Emission of dust from the stack was determined by withdraw- is 
ing a sample of stack gas and dust at a rate of flow equal to that | Bee 
in the stack at the sampling point. This was accomplished by _ 
calculating the Venturi differential using the Pitot-tube differen-— 
tial and the ratios of static pressures and absolute temperatures 
at the stack and Venturi. The flow rate of stack gas was calcu- | 
lated from the measured Pitot differentials across the traverse. 
The weight of (dried) dust collected, multiplied by the ratio of 
areas of the stack and sampling nozzle, using a time-conversion 
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factor, gave the dust emission from the stack in pounds per hour 
at test conditions. 

In order to compare dust emissions obtained from a group of 
tests, it was necessary to express dust loading in terms of standard 
conditions, For this work, standard conditions were taken as 
being 50 per cent excess air and 500 F, as recommended in the 
ASME “Example Sections for a Smoke Regulation Ordinance,” 
1949. The conversion from test conditions to standard condi- 
tions was made by assuming the weight rate of flow of stack dust 
to be constant. 

Dust loadings were also calculated at the furnace outlet and 
boiler outlet. The furnace outlet was taken as any location in 
the first pass of tubes, i.e., a point before the boiler hoppers. 
The term, as used in this report, is synonymous with collec- 
tor inlet. No attempt was made to obtain accurate dust 
loadings at these points directly because of the extreme dif- 
ficulty of sampling in turbulent gas streams. The dust loading 
at the boiler outlet was obtained by adding the weight rate of flow 
of stack dust to that of cinder from the collector (which addition 
gives the weight rate of flow of cinder at the boiler outlet) and 
dividing this sum by the weight rate of flow of stack gas (adjusted 
to standard conditions). The rate of flow of dust at the furnace 
outlet was assumed to be the sum of the weight rate of flow at the 
boiler outlet and the weight rate of flow of cinder from the boiler 
hoppers. This total was then divided by the (adjusted) weight 
rate of flow of stack gas to obtain the furnace-outlet dust loading. 


Test Resutts 


The detailed results of the most important tests and the com- 
parisons drawn in evaluating these results are presented below. 
These are subdivided to facilitate discussion and to emphasize the 
effect of the major changes in imposed operating conditions. 

Effect of Overfire Air With and Without Reinjection at Various 
Load Conditions. Fig. 2 shows the variation of smoke, COs, car- 
bon loss in per cent of the heating value of the coal, and dust- 
loading at the furnace outlet as a function of burning rate for the 


following conditions: 


1 Nooverfire-air jets and no reinjection. 
2 No overfire-air jets with reinjection. 
3 Overfire-air jets without reinjection. 

4 Overfire-air jets with reinjection. 
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From this plot the following observations may be made: 


1 Overfire-air jets reduced smoke density to No. 1 — pe 
mann, or less, even when operating with total reinjection. ; 
2 Overfire-air jets, either alone or with cinder reinjection, — 
do not increase the percentage of CO, in the flue gas ciguificentiy. 7 
3 Carbon loss found when operating without jets or rein- tr 5 
jection is decreased by one half when jets alone are used, and is 
again cut by one half when all collected cinder is returned to the as os 
furnace. 
4 The lowest dust loading at the furnace outlet was obtain ci Pate 
when using overfire air but no reinjection, as would be expected. 
Above one-half load, the dust loading for tests with both ee 
air and cinder reinjection was lower than that calculated for tests. 
with neither jets nor injection. 


Thus it is seen that the use of overfire-air jets improves boiler _ 
performance by reducing smoke emission, decreasing carbon — 
loss, and reducing dust loading (when operating above one-half 
load). 

Effect of Various Types of Jets at One Location With and W fie 
Reinjection. Fig. 3 presents the results of full-load tests run with 
one coal, both with and without total cinder return, with the 
following arrangements for providing turbulence (all but the 
steam-air jets were located the same distance from the grate in 
both front and rear walls, and were parallel to the side walls): 

1 No jets. 

2 Overfire-air jets supplying 5 per cent of the total air. 

3  Overfire-air jets supplying 10 per cent of the total air. 

4 Four steam-air jets in the front wall, 68 in. from the erate, 
pointed downward. 

5 Eight steam jets, in the same location as the air jets. 

6 Fourteen steam jets at the same elevation as the air jets, 
but more closely spaced. 


The major conclusions which can be drawn from these data are 
as follows: 


1 As long as some form of turbulence is provided, neither 
the type of jets used nor the addition of cinder reinjection affects 
smoke density materially. The steam-air jets used were less 
successful in reducing smoke than other jets tested. It is thought 
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that this poor performance should be attributed to improper loca- 
tion of the jets. 

2 The CO, content of the flue gas does not vary significantly 
for these conditions. 

3 Steam jets were responsible for the lowest values of carbon 
loss obtained; the eight jets gave less loss for total reinjection, 
but the fourteen jets resulted in the lowest value for the tests 
without reinjection. 

4 The fourteen steam jets gave the lowest dust loadings 
at the boiler outlet, both with and without reinjection. 

Although these results indicate that steam jets are more ef- 
fective than air jets in reducing carbon loss and dust emission, 
it should be noted that this steam cost from 5 to 7 times as much 
as the overfire air. 

Comparison of Results Obtained With Various Degrees of Re- 
injection. Fig. 4 presents an evaluation of tests conducted with no 
reinjection, partial reinjection (that is, cinder return from the 
sey en yrs only), and total reinjection. It will be noted that 
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these data are from tests using steam, air, and steam-air jets, 
and that two sizes of Ohio Pittsburgh No. 8 coal were used. 

This figure brings out the following conclusions: 

1 The degree of reinjection does not affect smoke density. 

2 These tests show no appreciable variation in the percent- 
age of CO, in the flue gas. 

3 Returning cinder from the boiler hoppers to the furnace 
decreases carbon loss 2.3 to 4.1 percentage points. Reinjection 
of all cinder collected (both in boiler and collector hoppers) gives a 
further decrease of 2.1 to 2.8 percentage points. 

4 When compared to the dust-loading obtained under condi- 
tions of no reinjection, partial reinjection increases dust loading 
at the “boiler outlet” 20 to 40 per cent, but total reinjection in- 
creases this loading by 125 to 155 per cent. If comparisons are 
based upon dust loading at the “stack,” partial reinjection in- 
creases loading 29 to 90 per cent, and total reinjection increases 
the dust loading 60 to 160 per cent. 

If the absence of restrictive smoke ordinances or the use of a 
high-efficiency dust collector permits a plant to operate with 
total reinjection, valuable savings in fuel result. 

Effect of Number of Steam Jets. Fig. 5 shows the effect of 
using eight versus fourteen steam jets, all at the same elevation. 
Five jets were used in the front wall on all tests. Results are 
presented for two sizes of washed Ohio Pittsburgh No. 8 are 
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operating with and without cinder return. These results show: 


1 Increasing the number of jets from eight to fourteen has 
little practical effect on smoke density. 

2 With one exception, the values of CO, reported are quite 
similar. It is thought that the lowest value (12.9 per cent) 
should be attributed to general test conditions rather than to the 
number of jets used. 

3 No clear trend in carbon loss can be credited to increasing 
the number of jets. 

4 Increasing the number of jets decreased the dust loading 
at the boiler outlet by 17 to 53 per cent. 

In general, increasing the number of steam jets used improved 
boiler performance. 

Effect of Jet Location. Fig. 6 presents the results of tests at 
one fifth and at full loads using four locations of steam jets. 
All tests were run without reinjection using Ohio Pittsburgh No. 8 
coal, */s X Oin. Five front-wall jets, 18 in. from the grate, were 
used in all tests. This was done primarily to cool the air nozsles 
in which the jets were placed. The front-wall jets have little 
added effect on smoke density. From this plot the following 
observations may be made: 

1 Jet location has little effect on smoke density. 

2 The percentage of CO, in the flue gas does not appear to be a 
function of the jet location. 

3 The lowest carbon loss was obtained when using jets low 
in the rear wall. 

4 Placing jets low in the rear wall contributed to low dust 
loading at the furnace outlet 


With respect both to carbon loss and dust loading, the results 
of the full-load tests with jets in the rear wall at 18 or 28*/, in 
from the grate are quite similar. Had the second full-load test 
at the 18-in. location not been run, the results would have indi- 
cated the optimum location to be 28'/, in. Because the second 
full-load test at the 18-in. location gave the best results, it is 


concluded that either location would probably be equally satis — im = 


factory. 

The results of the test at one-fifth load with jets at 18 in. are 
not considered in this discussion. In this test, the rate of flow of 
cinder from the collector was abnormally high. This was reflected 
in the dust loading at the furnace outlet, which seems to be too 
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These results indicate that low rear-wall jets were the most 
effective tested with regard to carbon loss and dust emission. 

Effect of Coal Size. Fig. 7 is a plot of smoke density, COs, 
carbon loss, and dust loading as a function of coal size for tests 
with and without reinjection. All tests plotted were run at full 
load. The points not connected were obtained with either Illinois 
or West Virginia coal, characteristics of which are different 
from those of the Ohio Pittsburgh No. 8 coal which was used in 
the other tests plotted. For these tests, nine steam jets in the 
rear wall and five steam jets in the front wall, all 18 in. from the 
grate, were used. 

The following conclusions may be drawn from a consideration 
of the results of tests run ‘‘without reinjection: = pa 


1 Smoke density is not affected by coal size. 
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is 


2 Coarse coal gave higher values of CO, than were found 


with coal containing larger percentages of minus '/r-in. material, 


3 Carbon loss is not greatly affected by coal size. . 

4 The dust-loading at the furnace outlet increased slightly _ 
with increasing amounts of minus '/,-in. coal. 

The tests run with reinjection show the following: 


1 Coal size has little effect on smoke density. 

2 The percentage of CO, in the flue gas did not vary signifi- 
cantly for the coals tested. 

3 A very definite trend toward lower carbon loss was noted _ 
when using coals containing only 30 to 50 per cent of material _ 
passing a '/s-in. screen. 


4 The use of coarse coal results in low dust loadings at the x 


furnace outlet when operating with total reinjection. 


The most important over-all conclusion which may be drawn 
is that the use of coal containing a small percentage of minus _ 
1/,in. material contributes to low carbon loss and low dust load- __ 
ings at the furnace outlet. This trend is most marked when 
operating with total reinjection. 

Fig. 8 shows the dust loading at the furnace outlet, boiler _ 
outlet, and stack as a function of coal size for tests with and with-— 
out reinjection, all tests being run at full load. Again, the re- 
sults of tests run with coal other than Ohio Pittsburgh No. 8 
are plotted, but are not connected to other test points. Pel: 
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This figure is included to show the effect of the dust collection of ys 
the boiler hoppers and the induced-draft-fan collector, as well as 
the effect of coal size, on dust loading at various points. It will — 
be noted that the curves for emission at the furnace outlet are 
quite steep, whereas the slope decreases for the boiler outlet t < 
At the stack, the results for the tests without reinjection plot — 
nearly on a straight line. ; 


SUMMARY 
The most significant results of these tests are as follows: 


1 Jet turbulence, whether provided by steam or by air, i 
needed to assure low smoke densities required by municipal — sa 
ordinances. The use of overfire jets also reduces the carbon low 
and dust emission from the furnace. The lowest dust emission — ‘ 
was obtained when 14 steam jets (nine jets low in the rear wall, 5 
plus five jets in the front wall) were used. This condition seo a5 
gave the lowest carbon losses for the tests without reinjection, ite 
but the test with eight steam jets (three jets low in the rear wall, 
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plus five jets in the front wall) showed the lowest carbon loss for 
the tests with total cinder reinjection. 

2 Reinjection of cinder from the boiler hoppers decreased 
carbon loss 2.3 to 4.1 percentage points, while increasing dust 
loading from 20 to 40 per cent. Returning all the collected cinder 
(from both boiler and collector hoppers) to the furnace gave a fur- 
ther decrease in carbon loss of 2.1 to 2.8 percentage points at the 
expense of an increase in dust loading of 125 to 155 per cent. 

3 The use of coal containing a smal! percentage of minus */¢- 
in. material resulted in lower values of carbon loss and dust 
loading at the furnace outlet than were found with finer coal 
This decrease was not so great at either the boiler outlet or the 
stack. In no case was the dust loading at the boiler outlet re- 
duced enough by burning double-screened coal to enable the 
plant to meet the proposed smoke ordinances without the use of a 
collector. Coal size had a negligible effect on smoke density. 
Oil treatment of coal had no appreciable effect on dust emission. 
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Appendix 


PuysicaL anp CHemicaL Cuaracreristics or Coats Testep 


Table 1 presents the description of the coal (mine, seam, and 
nominal! size), the size consist (as expressed by the percentage 
minus '/, and minus '/s in.), and the ultimate analysis of each of 
the coals used in the tests. Proximate analyses included were 
furnished by the mines and were adjusted to the values of ash 
and moisture found by the ultimate analyses. 


Puysicat Cnaracteristics or Emrrrep Soups 

Size Consist. Samples of cinders and dust taken from the 
boiler hoppers, collector hoppers, and stack were screened after 
each test. Using the resulting data plus the weight rate of flow at 
each of the sampling locations, it was possible to calculate the 
probable size consist of cinders which would be carried in the 
flue gas at the furnace outlet and at the boiler outlet. Examina- 
tion of these analyses showed a wide spread in size consist and a 
lack of correlation of screen sizing to operating conditions. 
Thorough evaluation of the results was complicated by the lack 
of check-test results which would have established the degree of 
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reproducibility of the data. Considering the normal spread in 
results of screen sizing of identical samples, no clear effect of any 
of the operating variables on size consist can be seen. 

Table 2 presents, for reference, the size consist of cinders col- 
lected from full-load tests with total reinjection, in which several 
forms of jet turbulence were used. These data show the narrow — 
range of percentages noted in the foregoing. Approximately 88 
and 99 per cent of the cinders from the boiler hoppers and the 
collector, respectively, passed through a U. 8. standard 20-mesh 
(0.0331-in.) sieve. 


TABLE 2 SIZE CONSIST AND COMBUSTIBLE CONTENT OF — 
COLLECTED BOILER AND COLLECTOR HOP- 
ERS DURING FULL-LOAD TESTS WI TOTAL REINJECTION 
USING SEVERAL FORMS OF TURBULENCE 


TABLE 3 SIZE CONSIST AND COMBUSTIBLE CONTENT OF 

CINDERS AND GAS AT SEVERAL LOCATIONS IN 

INSTALLATION FOR L-LOAD TESTS with REINJECTION 
USING SEV ERAL FORMS OF TURBULENCE 


Per cent under U. 8. 
standard screen, mesh—. Per cent 
60 100 200 
Sample from furnace outlet® 
Turbulence, by means of; 


8 steam jets 
14 steam jets 


Turbulence, by means of: 
5 per cent air. 
10 per cent air. 
8 steam jets. . 
14 steam jets 


* Calculated from sise consist a rate of flow of 
pers, collector oe. and stac 
"Calculated from size consist yo rate of flow of cinders from collector 
hoppers stack. 


Table 3 shows the size consist of cinders and dust carried in 
the flue gas at several locations in the installation. The data 
for the furnace-outlet and boiler-outlet locations were calculated, 
but those for the stack were obtained by screening the sample 
obtained with the dust-sampling apparatus. No significant 
trend can be observed from these results. About 96 and 99 per 
cent of the cinders at the furnace outlet and boiler outlet, respec- 
tively, passed through a U. 8. standard 20-mesh sieve. 


Although the data presented are of general interest, greater fi ; 


attention has been focused on the subsieve size consist of cinders. 
This information is of considerable importance to anyone inter- 
ested in the design of equipment for dust collection. In order to — 
extend the applicability of these data, subsieve-size analyses were 
made, using samples collected from ten tests. Portions of the 
materia] removed from the dust collector and from the stack 
were combined in weight ratios determined from the calculated _ 
collector efficiency. The infrasizer was used to determine the — 

size consist. 


The results of this analysis showed a surprising uniformity of ft 


\ 

a 
60 100 200 325 combustible 
Sample from boiler hoppers 
Turbulence, by means of: teen 
5 per cent air.............. 92 32 16 06 
10 per cent air............... 206 80 2.3 1.5 3 
Sample from collector hoppers ft 
Turbulence, by means of: 
5 per cent air............... 65.2 48.8 20.2 16.4 41.9 res 
10 per cent air............... 73.7 60.0 30.1 19.1 24.7 
8 steam jets................ 79.3 63.5 323.5 19.2 32.6 
14 steam jets................ 81.2 62.4 31.0 14.8 65.7 eat 
er cent 7.4 45.9 338.1 4.6 
er cent ai 4 53.0 33.1 2 34.4 3 
steam jets 0.7 48.0 30.6 22.8 46.6 
steam jets 6.8 57.2 42.2 55.7 
Sample from boiler outlet? m 
ence, by means of: 
per centair............... 72.3 50.1 42.9 26.7 39.9 ahs 
per cent air............... 78.8 67.7 43.2 33.1 25.3 
88.8 71.4 46.5 34.6 32.8 
89.9 79.6 59.0 42.6 58.0 
Sample from stack eee 
98.8 97.4 93.8 65.0 2 
97.7 92.2 33-3 
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TABLE 4 TYPICAL SUBSIEVE ANALYSIS OF BOILER-OUTLET 
CINDER FROM A FULL-LOAD TEST WITH TOTAL REINJECTION 


cent 

16 

: 

materia] representing the boiler-outlet dust from full-load tests 

with total reinjection, using several coals. Table 4 shows a typical 
size consist. 

Bulk Density. Determination of the apparent bulk density of 

samples of cinder collected from the boiler hoppers and collector 


TABLE5 RANGE OF BULK DENSITIES OF CINDERS FROM TWO 
LOCATIONS 


hoppers was made for 16 tests. These results showed that the 
rate of gas flow (as indicated by the operating load of the boiler) 
was the major variable affecting bulk density. 

Table 5 shows the range of results obtained. 

Specific Gravity. The true specific gravity of a typical stack 
dust (containing 32 per cent combustible) was determined (by a 
picnometer ) as being 2.25. 

W. 8. Buivunpix.? During past years there has been a 
gradual increase in boiler ratings with a corresponding increase in 
flue-gas velocities through the boilers. In the case of some solid- 
fuel-fired boilers, velocities have been high enough to cause erosion 
and failure of pressure parts by the scrubbing action of particles of 


been confined to one fuel or type of firing equipment, but it has 
been more prevalent with spreader stoker-firing because of the 
comparatively large quantities of relatively heavy cinders en- 
trained in the flue gases with this type of firing. 

The scrubbing action of entrained cinders has had the bene- 
ficial effect of tending to keep heating surfaces clean. Our ex- 
perience has been that fouling difficulties are less with spreader _ 
stoker-firing than with other types of coal-firing equipment. — 
That the scrubbing action is largely responsible for the ease of _ 
cleaning has been demonstrated on units having the dust collector — 
located ahead of the economizer. Cleaning requirements on the 
economizer of such jobs are comparable to those for pulverized- 
coal-fired units. 

There have been a number of modifications in boiler design 
directed toward the elimination of erosion. Among these are the — 
following: 

1 Keeping gas velocities below that at which erosion will 
occur. 

Experience indicates that for any combination of ash or cinder 
type and concentration, there is some critical velocity below which 
erosion trouble will not occur. Other things being equal, the 
critical gas velocity with spreader stoker-firing is approximately 
25 per cent lower than that for pulverized coal-firing. 

2 Use of single gas-pass boiler. 

Erosion has been most severe at gas turns and other places 
where the gas-flow pattern is such as to concentrate the cinders. 
The single-pass boiler design minimizes the possibility of cinder 
concentration. A typical single-pass boiler is shown in Fig. 9 of 
this discussion. 

3 Use of cinder-catcher baffle. 

Baffle plates are sometimes placed at the boiler outlet to serve 
as a skimmer and remove the coarser material from the gas stream 
and thus reduce the dust load to the other heat traps in the boiler 
circuit. The coarse particles are removed due to a change in 
direction and velocity as the gas stream flows around the baffle. 

For boilers with baffles which concentrate the ash, a “cinder 


ots 


ash or cinders entrained in the flue gases. This erosion has not catcher” or baffle slot has been designed. This design is shown in 


Beal Engineer, The Babcock & Wilcox C Sas: ate Fig. 10 herewith, applied to a Stirling boiler; it allows the con- 
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centrated stream of to into a sly dead zone. 
It then can disperse prior to being picked up by the gas stream 
after its flow has fairly well straightened out. 

4 Baffle construction. 

Baffles in boilers fired by abrasive fuels are made as gas-tight as 
possible. All tile and brick are laid in airset mortar. Tight 
baffles are particularly important when the draft differential 
across the baffle exceeds '/; in. with pulverized coal, or '/, in. 
with a spreader stoker. These differentials will produce leakage 
velocities equal to the critical velocities. 

5 Elimination of lanes. 

Lanes or open spaces along the walls at the outside of a tube 
bank are kept to a minimum. 

The data presented in the paper indicate that cinder return is 
desirable from an efficiency standpoint; however, it materially 
inereases the dust loading in the boiler bank and is certainly not in 
the direction of minimizing erosion problems. 

Fig. 8 of the paper, giving dust loadings at various points in the 
unit, shows that with reinjection from both the boiler hoppers and 
dust collector, the dust loading leaving the collector is above the 
ASME proposed oidinance. Where compliance with the ASME 
limit is required, it appears that cinders from the dust collector 
would have to be rejected at some loss in efficiency, or else a 
second collector would have to be installed following the first. 

It is believed that the work done in the use of overfire air jets 
to reduce the dust loading of gases from spreader stokers as 
described in the paper is a significant step in overcoming the most 
important outstanding problem in connection with spreader- 
stoker-firing. 

It is noted that steam jets were found to be more effective than 
air jets. We would like to ask the authors if any conclusion has 
been reached as to why this should be so. 


Hi. D. Fisner.‘ A project of this kind would be a heavy bur- 
den on any single manufacturer, and it is an outstanding example of 
co-operation between competitors that such a research could be 
organized to establish principles of operation and secure design 
data for improving the performance of their equipment. 

It is to be hoped that ultimately more of the data of the tests 
will be published, because analyses of such a series of tests will 
throw light on other problems than those for the solution of which 
the tests were planned. 

Three phases of the tests, which are of considerable interest in a 
study of the paper, are omitted and it is hoped that the authors 
can supply this supplementary information. These are as fol- 
lows: 


1 Percentages of combustible in ashpit refuse. 

2 Relative percentages of refuse disposed of in (a) ashpit; 
(b) stack losses; and, with recirculation, corresponding amounts 
of fly ash recirculated from boiler hoppers and cinder catcher, 
these figures being stated in terms of ash and combustible con- 
tent. Certain deductions can be made from Fig. 8 of the paper, 
but the exact applicability of the data is a little obscure. 

3 Heat balances for the tests, particularly as to “unaccounted 
for’ items. While the furnace volume is apparently adequate for 
complete combustion of gases, a low and relatively uniform value 
of these items for the various tests would be a desirable confirma- 
tion that this is the case. 


The writer designed and put into operation on March 1, 1950, a 
spreader-stoker-fired unit, which, although he had no knowledge 
of the Elyria unit, is strikingly similar. 

This unit consists of a 60,000-lb per hr, 24-hr-rating; 75,000-lb 
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Westcott “& "Mapes, Inc., New Haven, 


per hr, 4-hr-rating, Bigelow theve-dvum bent-tube boiler. The 


boiler proper has 8584 sq ft of heating surface, the furnace 562 sq of : 


ft in two side waterwalls, which consist of 3'/,-in. tubes on 9*/,-in 
centers, set tangent to the refractory walls of the setting. Front 
wall and bridge wall are not water cooled. The boiler has a 
Foster Wheeler intertube superheater, containing 487 sq ft of sur- 
face in 1'/,-in. tubes. 


The boiler is fired with a Detroit spreader-type stoker with — can 


power-operated dump grates 12 ft 6 in. wide, 13 ft 7 in. long, of 
170 sq ft area. The stoker is normally driven by a motor but has — 
a steam turbine as an emergency drive. Furnace volume is 3425 
eu ft. 


Series 82, No. 300 DIDW fan, 27,000 cfm at 3-in. static and 70F, 
at 1170 rpm with inlet vane control. Overfire air at the front of 


the boiler from this fan is introduced through openingsinthe piers = 


between and beside the doors just below the feeders. 7 
Air for cinder reinjection is supplied by a high-pressure motor- 
driven fan, there being four reinjection nozzles from the boiler — 

cinder hoppers and two from the ash-collector hoppers. 

The unit is equipped with a Thermix tubular dust collector, 
Design 6HC-No. 2-190, and a Thermix induced-draft fan and 
stack, Type 1 Design KWS No. 135, 70,000 cfmat 4.98in. static _ 
and 600 F, at 875 rpm. Fan control is by louver dampers inthe 
inlet ducts. ; 

The fans have duplex motor and turbine drive at opposite ends 
of the fan shaft. 

Operating conditions are 190 psig, 490 F steam, 250 F feedwater, — 
which is heated by the exhaust of the auxiliaries in an Elliott 
deaerating heater. 

The unit is equipped with Leeds and Northrup metering-type 
combustion control, including damper position indicators, steam 
flow-air flowmeter, draft gages, and so forth. , 


Coal is, as in the Elyria unit, dumped from cars into a track on st 
hopper, transferred by an apron conveyer to a bucket elevater 


from which a scraper conveyer distributes it to three silos, one for _ 
each of the old boiler units in the plant and one for the new boiler. _ 


Each silo has 150 tons active capacity, this being secured by the 


use of long belt Richardson coal scales which draw from the silo _ 
outside the building and feed the weighing mechanism of the scale _ 
which is located at the inner end above a Richardson “Monorate”’ 
distributor to the stoker hoppers. oi 
Emergency chutes enable the coal in the upper half of the silos — 

to be supplied to the stokers by-passing the scales. A slight re- — 
arrangement of the former coal-handling system permits transfer 
of coal from one silo to another. 


Ashes are sluiced to a lagoon from which they are removed = 


periodically by a bulldozer and trucks. 

Fuel is high-volatile West Virginia coal of 30 to 35 per cent 
volatile, 8 to 10 per cent ash, 2300 to 2500 F ash-softeningtem- __ 
perature. 

The boiler is usually operated between 65,000 and 75,000 lb per 
hr capacity continuously 24 hr per day 7 days per week except for 
8-hr interruptions of process work about every week or 10 days. 
Operation has been very satisfactory, the only observed difficulty 
being a polishing of the tubes and the boiler drum, where the gases 
pass over the top of the baffle just back of the superheater. On 
some of these tubes the mill scale has been removed but no meas- — 
urable erosion of the tubes has taken place. Pope 

A similar but less complete polishing of the tubes can be ob- “i = 


served at turning points in the gas passages in the rear passes of 


the boiler. 

Velocity of the gases through the superheater and over the top — 
of the first baffle is about 43 to 45 fps at a capacity of 75,000 lb per 
hr, 33 to 34 fps at 60,000 lb per hr. It is very credibly reported 


Forced draft is furnished by an American Blower Company __ : 
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that gas velocities of 38 to 40 fps will give no difficulties with ero- 
sion of tubes except with anthracite ash which is highly abrasive. 

It is planned to remove the horizontal portion at the top of the 
front baffie which will reduce gas velocities at this point to 31 to 34 
fps at 75,000 Ib per hr and 24 to 26 fps at 60,000 Ib per hr, in order 
to increase the margin of safety against erosion. A slight drop in 
superheat may result but this will not be an operating detriment. 

The authors’ comments on their experience with the test boiler 
in this phase of operations will be of interest. 

In an endeavor to obtain additional data on this point, weighed 
and micrometered tube samples were exposed for a number of 
weeks on top of the front baffle shelf and in front of the boiler 
drum, but no measurable change in weight or dimensions could be 
detected, although they began to show a satiny surface. 

Samples of fly ash from boiler hoppers and dust-collector hop- 
pers show somewhat lower combustile than in the Elyria tests, the 
analyses being as follows: 


Some difficulties have been encountered with clinker bridging 
over a dump-grate section and requiring barring to break it down 
when grates are dumped. This clinkering condition has appar- 
ently been lessened by an increase in air pressure at the front over- 
fire air jets and it would be interesting to have the authors’ com- 
ments as to what correlation if any had been observed between 
clinkering on the grates and the various air and steam-jet arrange- 
ments; also, whether any difference was observed in clinker 
formation with and without reinjection of fly ash. 


R. W. Gausmann.* This paper appears to be the first to give 
authentic information on the dust concentrations at the furnace 
outlet, taking into consideration such variables as percentage of 
overfire air and type and size of the coal being burned. This in- 
formation should assist both operators and designers in limiting 
the amount of fly ash produced by spreader-stoker-fired boilers 
and also should serve as a landmark for any future developments 
in furnace design made to limit fly-ash emission. 

From the viewpoint of operators of spreader stokers, it is re- 
gretted that the scope of this project was not broadened to in- 
clude the fly-ash emission from the stack, From the operater’s 
viewpoint it is necessary to obtain acceptable efficiency of the unit 
as a whole while still maintaining fly-ash emission within limits 
imposed by regulatory bodies. Not only must the fly-ash emis- 
sion from the furnace itself be considered but also means of col- 
lecting the fly ash before it is allowed to escape from the stack. 

From Fig. 8 of the paper it is evident that with most coals it is 
not possible to keep dust emission from the stack within the 
ASME Code, with total reinjection of fly ash from a moderately 
efficient collector. Tests made elsewhere indicate that it is also im- 
possible to keep within the ASME Code limitations with a high- 
efficiency mechanical collector when total reinjection of the col- 
lected dust is practiced. In order to live within the limitations of 
such a code, it is therefore necessary to discard the combustible 
rich dust caught by the collector, resulting in an increase in coal 
cost of around 3 per cent, as well as a much higher ash-disposal 
cost. An economical solution to this problem is urgently needed. 

Table 3 in the Appendix of the paper presents some very in- 
teresting data which are particularly significant if two-stage col- 
lection of the fly ash is being considered. Tests generally indicate 
that the bulk of the combustible in fly ash is concentrated in the 


* Director of Plant Research, Indianapolis Power & Light Com- 
pany, Indianapolis, Ind. Mem. ASME. 
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coarser fractions of the fly ash. Hence it might be presumed 
that a lower or moderately efficient collector would tend to re- 
move most of the combustible matter. Table 3 indicates that 
this presumption is not valid. A possible reason for the failure of 
the collector to classify dust by combustible content is that the 
combustible matter is present mainly in the form of coke breeze of 
low specific gravity which is not removed easily by a low-effi- 
ciency collector. 

In view of the many demonstrated advantages of spreader 
stokers in certain fields it is believed that further research is 
warranted in order to obtain a low over-all carbon loss, together 
with stack emission within reasonable code limitations. 


B. Meyer.* The writer’s company, which manufactures a 
low-head boiler, Type V-L, in sizes from 100 hp to 550 hp, has 
encountered special problems in operating spreader stokers that 
do not seem to occur in the larger boilers. 

The following steps have been found to be necessary for smoke- 
less combustion: 


1 Completely automatic combustion controls. The supply of 
air must follow the coal feed very closely. 

2 Adequate meters and instruments including a CO, indicator 
or recorder. 

3 Correct coal sizing. Small sizes can be used in the summer 
but excess fines pick up too much water in the winter. 

4 High-pressure overfire air and cinder-return jets. At least 
10-in. SP must be used with jets preferably in the bridge wall. 

5 Reasonable CO,. CO: above 12.5 per cent at the boiler out- 
let seems to produce very smoky conditions. 

6 Adequate furnace height. The actual height to which the 
fines or ash must rise before passing over the bridge wall seems as 
important as the Btu release rate per cubic foot. 

7 Low furnace draft. This should not exceed 0.05 in. to 
avoid high velocities in the furnace. 

8 Reduced stoker area for reduced loads. When operating 
with dumping grates at '/; load or less, part of the grate surface 
should be covered to approach the best grate load which is around 
30 Ib per sq ft per hr. 

9 A dust collector is always needed. 

10 When burning high-moisture coals like lignite, it may be 
necessary to raise the furnace temperature by covering some of 
the waterwalls with plastic refractory. 

11 Highly skilled, experienced, and attentive operators are re- 
quired. Considerable experimentation with different coals and 
firing methods are necessary before optimum combustion condi- 
tions are produced. 


The foregoing points will suggest other variables which might 


be studied to improve the operation of small spreader-stoker in- 
stallations. 


D. J. Mossmart.” In 1950 our company conducted a number 


of tests of a traveling-grate spreader stoker of its own manufacture in 


in one of its own plants. In most significant phases, the tests 
were similar in nature to those reported in the paper, but were 
made with fuels considerably inferior to those used at Elyria. 
The results obtained and conclusions drawn were quite similar, 
although no work whatever was done with steam jets. 


We regard it as unfortunate that so much of the work done at _ 


Elyria was based on the use of steam rather than air jets, since 
economic considerations practically rule out steam jets in most 
cases. In our more limited work, we found that carbon loss and __ 


* John Inglis Company, Limited, Toronto, Ontario, Canada. 


? Engineering Manager, Stoker Department, Westinghouse Elec- 
tric Corporation, South Philadelphia Works, South Philadelphia, Pa, — 
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dust loading were reduced (at constant excess air) by reducing air 
flow through the grate and increasing overfire air to an extent just 
short of causing formation of clinkers of a nature to impede flow of 
air through the fire bed. 

However, our work indicated, as does this paper, that the ef- 
fects obtainable on dust loading by development of overfire jeta, 
selection of fuel sizing, and so forth, are relatively minor and un- 
certain, and that the only certain method of assuring tolerable 
dust loading in the stack gas is to install a high-efficiency dust 
collector or to use a different type of stoker. 

Further, it is evident that satisfactorily low fly-carbon losses 
cannot be assured for all fuels without return to the furnace of the 
material caught in the collector. Available data indicate that fly- 
carbon losses increase with rank of coal, and the low losses found 
with low-rank coals without return from the collector are no indi- 
cation of performance with coals of higher rank. 

Thus there arises a “‘penny or cake” problem. There is good 
reason to expect that satisfactory fractions of the penny of low 
dust loading and the cake of low carbon loss may be obtained by 
return of collector-caught dust to the furnace with periodic 
“purging” of the gas stream by diversion of the dust to waste for 
very short periods of time. This operation is readily established 
with automatically operated dust valves which direct the flow of 
dust alternately to the furnace and to the ash-handling system, 

Our company is now equipping several installations with such 
systems and intends to conduct and report tests establishing com- 
parative performance. 


Autnors’ CLosuRE 


Mr. Blundin’s comments on the scrubbing action of entrained 
cinders and their effect of maintaining clean tube surfaces are a 
valuable addition to the test work reported. It might also be 
added that in boilers having baffles which are substantially ver- 
tical and having no natural “pockets” to collect fly ash, this 
scrubbing action has been used to advantage by removing the 
soot blowers. The consequent reduction in daily operating labor, 
to say nothing of the reduced first cost of the entire boiler furnace, 
reduction in steam demand for these auxiliaries, and the elimina- 
tion of a maintenance problem, is a valuable feature of the 
spreader stoker. It is recognized that there will be increased 
erosion from operating with cinder reinjection, but comprehensive 
data are not available n this point. No measurements of this 
effect were made during the tests at Elyria. The use of a 
“cinder catcher” or baffle slot would doubtless be helpful in re- 
ducing erosion. However, as Mr. Blundin implies, such a modi- 
fication works to the advantage of reducing erosion at the ex- 
pense of increasing dust loading into the collector. In one in- 
stallation using a baffle slot, it was learned that a negligible 
amount of cinders were caught in the boiler hoppers with a re- 
sultant overloading of the collector. Thus a balance must be 
struck between factors of erosion and the loading of the dust 
collector, giving consideration also to the amount of dust emis- 
sion from the stack. 

Mr. Mosshart regards the use of steam jets during many of the 
tests as “unfortunate’’. These jets were used at the direction of 
the Spreader Stoker Research Committee, of which Mr. Moss- 
hart was a member, primarily because tests showed that the 
steam jets were slightly more effective than air jets in reducing 
dust emission. Secondarily, steam was chosen to simplify changes 
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in jet arrangements. It was recognized, and pointed out in the _ 
text of the paper, that the use of steam jets in regular full-time 
operation is not practical. In reply to Mr. Blundin’s question 
on this subject, it should be noted that only a slight reduction in 
dust emission was obtained when using steam jets over that 
found when jets of air were used. Furthermore, the greater 
amount of turbulence produced by the smaller jets of higher- 
velocity steam may have caused a greater amount of mixing 
of hot furnace gases with the reinjected cinders than was pro- 
duced by the larger but lower-velocity jets of air. 

Space did not permit inclusion of the complete information of 
the type requested by Mr. Fisher. The authors hope that it can 
be published later. As noted previously, no measurements of —__ 
erosion or calculations of gas velocities in the furnace were made = 
during the tests. Thus comparisons with the data presented by => 
Mr. Fisher cannot be made. With regard toclinkerformation,it 
may be noted that no clinkers large enough to require manual 
removal were formed during any of the tests. When jetshighin 
the side walls of the boiler were used, small accumulations of 
extremely light clinker were found which were attributed to the = 
action of these jets on the reinjected cinder. : 

Mr. Gausmann has raised an interesting point in attempting to _ 
use the data reported to justify two-stage collection of cinders. It _ 
is thought that the test data do not show this to be advisable be- _ 
cause of the relatively low efficiency of the dust collector used. We ; 

The ten points which Mr. Meyer lists are certainly important — 
for any spreader-fired boilers. It might be pointed out that cur- _ 
rent practice favors the use of oxygen recorders rather than CO, 
recorders as control instruments. This is done not only because = 
of the easier maintenance of the oxygen recorder but also be- 
cause the oxygen content of flue gas is more sensitive to changes 
in operating conditions than is the CO, content. Admittedly, 
much work needs to be done to obtain more fundamental data = 
on the operation of the popular low-head boilers. 

The “gas-producer action” which Mr. Mosshart achieves by _ 
reducing undergrate air flow while holding excess air constant — 
is an interesting deviation from conventional spreader-stoker — 
operation. It is questionable, however, that primary-air flow 
can be reduced enough to take full advantage of this action with- — 
out encountering grate temperatures which are excessively high. 

The authors note with interest Mr. Mosshart’s description of 
reinjection with “purging” of the gas stream by discarding a por- 
tion of the collected cinders. Although experience previously 
has indicated that the automatically operated dust valves will 
require considerable maintenance in order to prevent leakage of 
air and cinders, the development of the idea is still interesting. , # 


A report of the tests on this system would be most welcome. La 


In conclusion, the authors wish to call attention to Mr. Fisher's 
commendation of the spreader-stoker manufacturers who co-op- et 
erated in undertaking this test program. Research of this type -.: 
and of this magnitude is obviously beyond reach of any single 
manufacturer, and problems such as these can be attacked and 
solved only by co-operative action for mutual benefit of all par- — 
ticipants. The needed fundamental work cited by Mr. Meyer is oe 
an example of the need for such group activity. Itishopedthat —_ 
these and similar problems in this field can be solved by com- 
bining research appropriations from the many interested com- 
panies into an amount sufficient to obtain fundamental data which 
cannot be obtained otherwise. 
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A Method for “mining Static 


sen of High-Velocity Gas Str 


By A. CLARK! awn W. M. ROHSENOW,* CAMBRIDGE, MASS. 


The general problem of measuring the static tempera- 
ture of gases flowing at high and low temperatures and at 
low and high velocities is reviewed. Thermodynamic 
methods are discussed and a new method is presented 
with experimental results. This proposed temperature- 
measuring method has several important and desirable 
features: (a) The calculated static temperature is prac- 
tically independent of gas composition in so far as com- 
position is characterized by the specific-heat ratio k; (6) 
like the thermocouple, the temperature determined by 
this method is a “‘point”’ value, not a mean value at the 
flow cross section where the measurements are made; (c) 
unlike the thermocouple, the method improves in accur- 
acy as both the gas temperature and velocity are increased ; 
and (d) the instrument required is relatively simple to 
build, is not subject to the effects of corrosion, and is ex- 
tremely rugged when installed. The instrument requires 
no special handling and can be installed conveniently and 


easily in ducts of any shape or in a stream of unconfined 


softy. 

The following nomenclature is used in the paper: el amy 


NOMENCLATURE 


area, sq ft 
sound velocity, fps 


numerical constants 


specific heat at constant pressure, Btu/Ilbm-deg F 
specific heat at constant volume, Btu/Ibm-deg F 
fuel/air ratio, w,/w,, dimensionless 
conversion factor, 32.2 lbm-ft /Ibf-sec* = 
mass velocity, Ibm/sec-ft? 
see Equation [18] 
specific-heat ratio c, /c,, dimensionless 

flow coefficient, dimensionless 

Mach number, dimensionless 

static pressure, Ibf/ft* 

stagnation pressure, Ibf/ft* 

wall static pressure, Ibf/ft* 

— P,, 

gas constant, (ft Ibf)/(Ibm deg R) 

series (Equation [13]), dimensionless 

absolute temperature, deg F abs (deg R) 

stagnation temperature, deg F abs (deg R) 


1 Instructor, Mechanical Engineering, Massachusetts Institute of 
Technology. Jun. ASME. 

? Assistant Professor, Mechanical Engineering, Massachusetts 
Institute of Technology. Jun. ASME. 

Contributed by the Heat Transfer Division and presented at the 
Semi-Annual Meeting, Toronto, Ont., Can., June 11-15, 1951, of 
Tue American Soctery or Mecuanicat ENGINEBRS. 

Nore: 8 ts and opi advanced in papers are to be 
understood as individual expressions of their authors and not those 
of the Society. Manuscript received at ASME Headquarters, 
April 12, 1951. Paper No. 51—SA-33. 
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T probe ~ 
also 
T thermocouple 
= center-line value of absolute temperature, deg R 
= flow velocity, fps 
‘cr = center-line value of flow velocity, fps 
” = mass flow, lbm/sec 
= mass flow of air, Ibm/sec 
", = mass flow of fuel, Ibm/sec 
= weight density, lbm/ft? 
=P, 
A bar over any symbol refers to an average value. 


— P, inherent instrument error, in. of water 


Stations: 
= any arbitrarily selected point in a flow field 
= entrance combustion chamber 
location of fuel injection 
exit combustion chamber 
point immediately preceding probe entrance 
point immediately inside probe entrance 


INTRODUCTION 


One of the many important technical problems arising from the 
development of modern propulsion systems bas been the 
measurement of the static temperature of the high-velocity 
high-temperature exhaust gases. The static temperature 
is mentioned here as opposed to the stagnation or total 
temperature as it is the static temperature which along with 
static pressure defines the thermodynamic state of the gas. 
The static temperature of flowing gases is often described as 
that temperature which would be indicated by a thermometer 
if it were to move in thermal equilibrium with the gas stream 
at zero relative velocity and zero external heat transfer. 

This paper describes a device for determining the static tem- 
perature of high-velocity gases flowing subsonically and at any 
level of temperature. Experimental work has been carried out 
during the past year on flowing air at low temperatures and low 
Mach numbers, and with combustion products at a’ 
1500 F, yielding promising results which are reported herein. 
At present, experimentation is being continued extending to 
higher temperatures and velocities using combustion products 
as gases. 

Gas temperatures which have to be measured by the industry — 


range from about 1400 F for turbojet engines to more than 8000 ? 


F for rockets. Afterburning in standard turbojet and turbo- 
prop installations will produce gas temperatures in excess of 
3500 F. Ramjet engines operating at high flight Mach numbers : 
can be expected to have exhaust-gas temperatures as high as | 
5000 F. 

The problems in temperature measurements of gas streams may _ 
be grouped into three ranges of temperature and three ranges of — 
Mach numbers (Table 1). 

The problems of class 1 (a) have been treated adequately by | 
the Bureau of Standards in reference (1),* the problems of class _ 


* Numbers in parentheses refer to the Bibliography at the end ot 
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TABLE | RANGES OF TEMPERATURE AND MACH NUMBERS 
1 Room temperature 
(a) Mach No. range 25 
(b) Mach No range 0.25-1.0 
(ec) Mach No. range above-1.0 
2 Tem range 60 F 3000 F 
(a) No. range... ....... 0-0 25 
(b) Mech No. range........ 0. 25-1.0 
(ce) Mach No. range....... above-1.0 
3 Temperature range above 3000 F 
(a) Mach No. range P 0-0.25 
‘b) Mach No. range... ’ 0.25-1.0 
(c) Mach No. range above-1.0 


1 (b) have been studied by Hottel and Kalitinsky (2), and the 
problems of class I(c) are at present under investigation by 
many groups. The methods of applying pyrometry to the re- 
maining classes are not so well defined. Measurement of tem- 
peratures in class 2 (a) may be made with thermocouples or re- 
sistance thermometers (shielded or unshielded), and the radia- 
tion errors may be approximated as shown in references (3) and 
(4). 

A review of flame-temperature-measuring methods is presented 
in reference (5) by B. Pugh. At high temperatures the sodium 
line-reversal method has become the most widely used method 
of measuring temperatures. In some cases this method does not 
permit the measurement of temperature at a “point” in the gas 
stream and, as Pugh illustrates, various experimenters have ob- 
tained widely differing results with this method, particularly in 
the rich and lean fuel-air mixtures. 


TuermopyNnamic Meruops 


The major contributions to the unclassified literature on ther- 
modynamic methods of gas-temperature measurement are those 
of the Fairchild Instrument Company (6), W. A. Wildhack (11), 
R.S. Cesaro, et al (12), and P. L. Blackshear, Jr. (13). A method 
similar to those of references (11) and (13) is given in reference 
(14) with no experimental! results. These methods will be dis- 
cussed briefly. 

The Fairchild instrument consists of a probe immersed in the 


gas stream whose temperature is to be determined, Fig. 1. Gas 
ve 
MANIFOLD 
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Fic. Scnematic Diagram or INSTRUMENT 
samples are drawn through this probe and into a manifold which 
is fitted with two consecutive flow-measuring orifices, the orifices 
being separated by a sufficient length of manifold tube to allow 
for cooling of the gas sample. Cooling is required in order that 
the temperature of the gas may be measured by a thermocouple 
at the second orifice. The Fairchild method is based upon the 
fact that the mass flow rate of a compressible fluid across an ori- 
fice can be written as a function of the density of the fluid before 
the orifice. By equating the mass rate of flow at the first and 


second orifices, it is shown how the density and thus the ther- 
modynamic (absolute) temperature of the gas before the first 
orifice can be determined from the orifice pressure drops, and the 
gas temperature 


measured at the second orifice. As mentioned 
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in reference (8), an arrangement very similar to this was pro- 
posed by H. Schmick (7) in Germany about 20 years ago, and 
Schmick reports that his method is an outgrowth of a suggestion os 


of a German inventor as early as 1893. 

The Fairchild instrument measures the static temperature of the 
gas at the first orifice. For gas flows at low velocities this tem- __ 
perature probably will be fairly representative of the static 
temperature of the gas stream whose temperature is being meas- 
ured. In high-velocity gas streams the temperature indicated _ 
by the instrument will be different from the static temperature a 
of the free stream, probably being somewhere between free- 
stream static and stagnation (total) temperature, depending 
upon the rate of flow into the probe and the degree to which the _ rch A ' 
flow is adiabatic. For the particular instrument described (6), it 
is seen that its geometry limits its application to gas streams with — a y 

ges 


Mach numbers less than 0.09 if the temperature it records is to 
be identical with the static temperature of the free stream. The a 
determination of temperature with this instrument also depends _ ‘i 
upon the constancy of orifice flow coefficients and flow areas, 
something whic h may be difficult to ac hieve all of 
operation, 
l(a) and 2(a) of Table 1 
Improvements in the basic scheme of Fairchild, involving "aie 
consecutive flow-measuring elements, have been made independ- ‘“s 
ently by Wildhack (11), Blackshear (13), and the United Aircraft 
Corporation Research Department (14). These improveme' ae 
all fundamentally the same, consist of obtaining and maintaining 
sonic (critical) flow at each flow-measuring element, nozzle, or 
orifice. The instruments reported by these investigations a ; 
measure stagnation gas temperature at the throat (or point of =| 
minimum flow passage ) of the first flow-measuring device, and the — 
temperature determined, like the Fairchild instrument, depends 
upon the constancy of orifice area ratios and flow coefficients and 


to a lesser extent upon gas composition. Stagnation pressure oe 
must be measured or determined at the throat of each flow- 7 
measuring element. (a 


Blackshear is the only one who reports experimental data, 
having compared his results with temperatures measured by suc- 
tion pyrometer up to approximately 1200 R and with the sodium __ 
D-line reversal method from 3400 to 4000 R. Good agreeme nt y 
is reported in the range tested. Curiously, the results from the = eG 
sodium D-line method, which measures static temperature, ex- _ 
ceed those of the probe which measures stagnation, or total tem- __ 
perature. Wildhack reports the use of critical flow nozzles of 
0.0135 in. diam, indicating how small these pneumatic te eo 
perature-measuring instruments can be made. eres; 

Cesaro, et al. (12) report a method for determining the average mil iM 
stagnation temperature of flowing gases in a particular system Te a 
and tested the method in a system consisting of a circular duct 
preceded by a combustion chamber. The average stagnation 
temperature at the discharge of the combustion chamber is 
written as a function of the average stagnation temperature at 
the inlet, the fuel/air ratio, pressure ratio across the combustion 
chamber, flow-area ratio, and tht ratio of the difference between 
the stagnation and static pressures at the inlet and outlet. This 
method is more involved than any of the others and is not a 
“temperature meter’ since it must be calibrated to the system on 
which it is to be used. 

Another Thermodynamic Method. The methods of steady one- 
dimensional compressible flow can be used to derive an expression 
for the thermodynamic static temperature of a flowing gas in terms 
of upstream properties (8). Since such an expression is most 
useful for the determination of temperatures which fall in the 
classifications 6 and ¢ of classes 1, 2, and 3 of Table 1, it shall be 
derived here for a combustion chamber, Fig. 2, in which com- 
bustion occurs at constant area. This configuration represents a 


| 
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common design. For subsonic combustion high-pressure air 
enters the combustion chamber at station 2 and mixes with uni- 
formly injected fuel at station 2’. Combustion occurs between 
stations 2’ and 3, the combustion products leaving at 3 with a 
higher temperature and velocity. 


Assuming the effects of wall friction and fuel injection to be 
small as compared with other effects and that the combustion 
chamber is a constant-area tube, the momentum equation may 
be written between stations 2 and 3 as 


Fie. Constant-Area Compustion CHAMBER 


WwW. 
PA = (1 +f) Vi) 


For a gas whose equation of state can be given accurately by 
P = p RT, Equation [1] may be combined with the relation 
W.(1 +f) = ApsV; to obtain 


Here Equation [2] relates the static temperature of the exhaust 
gases (at any velocity or level of temperature) at the combustion- 
chamber exit to the air properties at the inlet, the static pressure 
at the inlet, the static pressure at the exit, and the fuel/air ratio. 
Presumably, it is possible to measure these and thus determine 

This equation is based on the assumption of one-dimensional 
flow, but it may be used for average values of the properties if the 
temperature and velocity variations across the cross section are 
not great. If these variations are great but are known, a modi- 
fied form of Equation [2] (see Appendix) may be employed to 
find the average value of 7’. 

Whether Equation [2] is adequate for the measurement of the 
temperature of high-velocity gases depends upon the required 
accuracy of the measurement as compared to the errors intro- 
duced by the assumptions underlying its derivation. At best 
the resulting temperature is a mean value applicable only for 
combustion at constant area. However, the measurements re- 
quired are those’which are usually made on a test stand com- 
bustion chamber, and thus no special device nor extra equipment 
is required in such instances. Also, the only measurement re- 
quired in the region of highest temperature is that of static 
pressure, a measurement which is relatively easy to obtain. 
Therefore, if the advantages seem desirable and due regard is 
taken of its limitations, Equation [2] might be used in some in- 
stances as an approximation. 

It is desired, however, to develop a method which retains the 
advantages of the thermodynamic approach through which 
“point values” of temperature may be obtained. An instrument 
employing such a method would then be truly a temperature 
meter. One method for accomplishing this is outlined in the 


following section. 


P,R (1 +f) 


goles T: 
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PERATURE 


The following analysis is presented to demonstrate the under- 
lying assumptions and procedure for development of an equation 
expressing the thermodynamic static temperature of a gas stream 
in terms of other properties (8). Consider a point 1 to be any — 
arbitrarily selected point in a stream of gas flowing subsonically _ 
at any velocity or temperature in a duct of any shape and at a 
pressure which is low relative to the critical pressure. The mass 
velocity of the gas at point 1, Fig. 3, may be expressedasG, =. 
piV;. The equation of state for many gases over a range oftem- 
peratures and pressure usually encountered in 


9 
gy? 


tice may be represented accurately by P = p RT. From the 
steady-flow energy equation for this gas the ietoning relation 
holds (9) 


Also, for a gas of this type the speed of sound is c, = V &R:T wo. 

Now, from the definition of Mach number, M = V/c, and 
Equation [3] the thermodynamic static temperature at the arbi- 
trarily selected point 1 is found to be 


\e —1/ 
This then is an equation relating the gas static temperature to 
other gas and flow properties, all at point 1. The accuracy of the 
determination of 7, depends upon the precision and accuracy of 
the measurements of other quantities in Equation [4]. 

Temperature Probe and Instrumentation. Examining Equation 
[4], it is found that R, and & and P;, G,, and Po, must be deter- 
mined at the point at which 7, is to be evaluated. The experi- 
mental setup required to do this is shown in Fig. 4. 

Here immersed in a stream of flowing gas is a cooled probe 
mounted so that its axis is parallel to the direction of flow. The aa , 
other end of the probe is connected to the inlet of a pump whose = 
purpose is to “suck” a certain amount of the mass of the flowing 
gas through the open end of the probe. This small mass of gas 
exchanger and then measured by passing it across a calibrated — a — 
orifice plate. This mass of gas is exactly equal to that which 
passed from the gas stream through the open end of the probe, 
which is W/A, is evaluated. ; 

The mass rate of flow through the probe is assured to be “a is a 
same mass rate of flow which would pass through an area equal 
by adjusting the flow to equalize the static pressure inside the — 
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opening of the probe and the static pressure of the gas stream 
in the same plane. This is very important in order that the cal- 
culated 7, be representative of the true static temperature of the 
gas stream at the point from which the mass is removed. 

The static pressure P; can be determined from a static pressure 
tap in the duct wall in the plane of the probe opening. If such an 
arrangement is neither convenient nor practical, it would be pos- 
sible to measure this pressure at static openings in the outside 
surface of the probe. 

The stagnation pressure of the flowing gases is taken from a 
stagnation tube centered inside the probe and just aft of its open- 
ing, Fig. 5. Its proximity to the open end of the probe is such 
that the pressure it registers will vary by a negligible amount 
from the stagnation pressure at the plane of the entrance of the 
probe. It is placed far enough aft, however, so that its effect will 
be negligible on the flow into the probe. 

To insure that this tube does not induce a premature “choking” 
of the flow inside the probe when the free-stream velocity is close 
to sonic, the internal flow area is increased gradually for a short 
distance downstream from the entrance. Such a configuration 
makes it improbable that the gas would accelerate after it enters 
the probe. 

The temperature probe shown in Figs. 5, 6, and 7, consists of 
two concentric tubes with axial partitions in the annular space 
to separate the incoming and outgoing flow of cooling water, The 
presence of the cooling water enables the instrument to be used 
at higher temperature than could be measured with an uncooled 
probe. There are two static-pressure taps at the inner surface 
of the entrance of the probe which facilitate the alignment of the 
probe with the gas stream and also the adjustment of the aspirated 
flow, The stagnation pressure in the probe is measured by a 
conventional tube at the axis of the probe. Small-diameter 


tubes are used to convey these pressures to the outside of the 
probe where manometer connections are made. 
constructed entirely of stainless steel. 

It is noted that Equation [4] in- 


The probe is 


Effect of Gas Composition. 
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volves terms which are dependent upon gas composition, namely, 
the gas constant R, and the ratio of specifie heats, k. Since the 
equilibrium composition of combustion products is a function of 
temperature (and partial pressure of each constituent), an ex- 
planation of the use of k and R in Equation [4] is required. For 
many purposes the effect of gas composition upon the value of R 
can be neglected since even at stoichiometric mixture ratios for 
most hydrocarbon fuels, the weight of fuel is less than 7 per cent | 
that of the air. However, if this refinement is required, a satis- at 
factory value for R can be determined from a chemical] analysis _ 
of the gas, by calculation knowing the fuel-air ratio, or from the 
tables of reference (10). We generally cannot neglect the varia- 
tions in k with changes in gas composition, however. A change | 
in k from that of atmospheric air (k = 1.4) to 1.3, results in a , 
change in the factor k/k — 1 of 24 per cent. It would appear, 
then, that the use of Equation [4] in the calculation of tempera- 
ture of high-velocity combustion gases would require accurate 
knowledge of the gas composition. Fortunately, this is not the 
case. Examining the effect of k on the value of the calculated _ 
temperature from this equation, we see the happy coincidence 
that its effect is practically negligible. Appearing in Equation — 
[4] first as a factor and then as an exponent which is the reciprocal 
of this factor, the factor k/k — 1 has a damping influence upon ie 
the exponent k — 1/k. This behavior is evident from a series ; 
expansion of Equation [4] 7 


G, \P, 


¥ 


and SP = Py — P, 

Now, Equation [5] can be used to evaluate with any desired — 
precision the effect of different values of k upon the calculated — 
temperature 7;. To do this it is evident that we have only to 
evaluate the series 


z—1(AP\ (c—1)(2—2) 


of water he P, of 1 atm, and then for a “choked” Pian asi or 
local Mach number of unity. 


This selection represents the op- ES 
posite extremes of ordinary combustion problems and, therefore, _ pal 
should give a complete picture of the maximum and minimum 
effects of k. The range of specific-heat ratios selected is 1.400 to — 


1,000: A kof 1.400 is for pure air at 70 F, and a k of 1.000 rep- AS 
resents no known gas but would be an extremely severe i 
ture of high-density gases, including all that is believed possible _ 

in ordinary combustions problems. Therefore this selection 
should give a comprehensive picture of the effects of all imagina- 

ble values of k. 

Basing a percentagewise effect of various values of k for each : 
pressure ratio on the value of 7, for k = 1.250, the results are 
given in Table 2. 

It is evident from Table 2 that at low ratios of AP/P; i 
velocities) wide differences in k have essentially a zero effect on 
the value of the “calculated” temperature 7;. At the choked _ 
condition, the maximum possible AP/P,, the effect of k is noticea- 
ble but quite small, being of the order of 1 per cent for the values 


222 
ud 
TURE 
- 
= > | HEAT 
as > | EXCHANGER 
| 
| 


CLARK, ROHSENOW—DETERMINING STATIC TEMPERATURE OF HIGH-VELOCITY GAS STREAMS 223 


Fic. 5 Deraits or Prose 


Fic.6 Temperature Prose 


£2 EFFECT OF VARIOUS &VALUES 


-———Choked,——— 
(mM = 

aTi* 

per cent 


ae“ 


oa 
Hae 


Negative signs omitted. 


of k common to combustion systems. We have then, in Equation 

[4], an expression relating the static thermodynamic temperature 

at any point in a stream of high-velocity compressible gases t 

other properties of the flow which are convenient and practical 

to measure. Furthermore, this expression with k = 1.250 is so 

formulated that the calculated temperature is for practical Fic.7 Prose Betno Insertrep Intro Comsustion Duct 
purposes independent of gas composition. Further refinement 

may be obtained by using in Equation [4] a better value of k for Effect of Variations in Aspirated Flow. The temperature de- | 

: termined by use of Equation [4] and the apparatus shown in 
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“ 
1.250 ~ -, 
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Figs. 4 and 5 is the static temperature at point B, Fig. 8, inside 
the probe entrance. This will be equal to the static temperature 
at point A if the velocity of the gas is the same at both points. 
Then the streamlines at the tube entrance wil! be represented by 
lines 2 in Fig. 8; also the flow rate per unit of cross-sectional area 
will be the same at points A and B, and the static pressures at 
point B within the tube will be the same as the static pressure of 
the gas stream in the same plane outside the tube, Fig. 4. If 
the aspirated flow does not produce equal values of W/A at points 
A and B, the streamlines at the probe entrance will assume posi- 
tions 1 or 3 in Fig. 8. With streamlines 3 the flow experiences 


external expansion, resulting in a lower pressure at B than at 
A; with streamlines 1, the flow experiences external diffusion, 
resulting in a higher pressure at B than at A. 


Streamline flow of type 2, Fig. 8, is assured by adjusting the 
aspirated flow to equalize the static pressures measured within 
the probe at point B, Fig. 5, and at the duct wall, point W. Be- 
cause of inherent combined installation and instrument errors, 
the actual static pressures at these points may not be exactly 
equal when the regulating manometer indicates equality, though 
their differences will be small. The effect of this error appears as 
a difference between the temperatures at points A and B, Fig. 8, 
their ratio being given by 


Ts 
Ps 


Then Equation [7] expanded in series form becomes 


2(z — 1) 


a(z in (x — 2) € 
+ 31 (+) (9) 


For P, = 14.7 psiaand k = 1.3, and ¢ = 0.2in. H,O 


= 10001133 

or an error of 0.01133 per cent, which is indeed andl From 
Equation [9] it is observed that this error becomes even 


smaller in atmospheres of higher pressure. 
Other Forms of Equation (4). If the measurement of G, of 
Equation [4] is obtained by an orifice 
Ve 


Rel 


G, = As 


where subscript 2 refers to conditions at the orifice. K is the 
orifice flow coefficient. Combining this with Equation [4] re- 
sults in 
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k-1 
— | — —1> Ts.. 

which includes the pressure and temperature readings which are fi 
measure directly. 

For many applications 


k—1 


= C; = 
Then Equation [11] becomes 


Further, if ‘the stagnation temperature is desired Rs se ig 


Here, however, the stagnation temperature is not independent _ 
of gas composition as is 7, but varies with composition to the ex- sy 
tent that 


varies with k, 
Experimental Results. 
present time are for atmospheric air flowing at nmentie 
50-60 fps and 70 F, and for the products of combustion of Cam- 
bridge City gas flowing at approximately 70-165 fps.in the range neh: 
of temperatures 1100 to 1500 F. 
For both the “hot” and “cold” 


stainless-steel duct shown in Fig. 7. The temperature probe 
is shown being inserted and will be at the duct center line facing 
upstream at a point approximately 11 diam from the duct inlet — 
where suitable flow straighteners are located. For the cold Ae: 
runs the entire system was in an isothermal] environment so that fe 
it was necessary to make a single temperature measurement as a 
check on the temperature calculated from the probe measure- 
ments. This was accomplished by inserting a triple-shielded — 
calibrated chromel-alumel thermocouple at the duct center line _ 
10 in. downstream from the temperature-probe entrance. For — 
the hot runs, however, an axial temperature gradient existed 
in the duct so a single thermocouple measurement was un- 
satisfactory. Instead, two additional triple-shielded chromel- “eo 
alumel thermocouples were placed upstream from the probe, a 
which were used in conjunction with the downstream thermo- fees oO 
couple to determine the axial temperature gradient at various Fi 3 ae, 
levels of temperature in the duct. All thermocouples contained — % = 
a heated shield, the input to which was controllable so as to allow wo 
for a zero difference in temperature between the measuring ther- 
mocouple and the first shield. This design made it unnecessary 
to compensate for the effects of radiation. During test runs with - - 
the probe, the two upstréam thermocouples were removed to | hi 
permit unobstructed flow before the probe, temperature meas- 7 
urements being taken as a check on the downstream thermo- es ee al 
couple only. The temperature at the entrance of the probe ; aft. 

was obtained by correcting the downstream thermocouple read- 
ing with the previously determined gradient. The data obtained 
for the hot and cold runs are shown in Fig. 9 which in a sense _ 
is a calibration curve for the particular probe used in these ex- es Te 
periments, 
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In Fig. 9 the percentage error in the calculated static tempera- _ the calculated temperature by Equation [4] or [5] to be too high. 
ture by Equations [4] and [5] is plotted against P; — P,, a The effect of this type of flow into the probe is very severe as can 
quantity which best represents the nature of the flow intu the be seen from Fig. 9 where small changes in P, — P,, cause large 
probe. Two curves are shown, one for the cold runs at approxi- percentage changes in the calculated temperature. Although 
mately 70 F and one for the hot runs at approximately 1500 F. the effects of P, being less than P, are serious, they can ee 
While several important things are shown by these curves, per- by at not operating in that regimé. 
haps the most significant is the fact that they fall almost one over 5; 
the other. This indicates the independency of the curves upon in the calculated temperature approaches zero, This indicates = 
level of temperature and gas composition as the two curves repre- that for the particular probe used the measurements in this re- _ aie 
sent air flowing at 70 F and products of combustion at 1500 F. gion of AP and W/A or G, are becoming more representative of  =«__ 
The importance of this fact is that much detailed study can be their true values. Also, the rate of change of the percentage error _ 
made of the flow into the probe inlet using a simple and well- in the calculated temperature with changes in P; — P, is much es 
behaved gas like air and obtain results which are applicable to _less than when P; — P,, is negative. It is possible that flow in ae 
those of combustion products at higher temperatures, without the __ this region has greater stability because of the smailer possibility — dh 
complications of high-temperature experimentation. of there being separation at the inlet of the probe. 

When P, — P, is negative, the streamlines entering the probe At greater values of P, — P,, the percentage error in the cal- 
are converging. Separation of the flow probably occurs at the culated temperature is shown to decrease rapidly negatively. 
relatively sharp-edged entrance, Fig. 5, resulting in a greater This variation was not expected, and its validity is somewhat | Bs 
AP and a smaller W/A or G, than is proper, which in turn cause doubtful. To obtain values of P, — P, in this range it was neces- 7 
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sary to operate the apparatus at maximum capacity and to reduce 
the flow into the probe to almost complete shutoff. Conse- 
quently, the pressure-measuring instruments were indicating 
minute pressure differences which if in error would result in a false 
trend to the curve. Therefore little emphasis is being made at 
the present time on the generality of this trend. Further investi- 
gations are being planned on higher-velocity air streams which will 
provide more data on the behavior of the flow into the probe at 
pressure differences P; — P, greater than 1.0 in. of water. The 
shape of the curve in this region can then be defined more accu- 
rately. 

Future work includes an aerodynamic study of the flow into the 
probe for various inlet shapes, Although the size of the present 
probe is probably adequate for large ducts and combustion 
chambers such as ramjets, a study of probes of smaller diameters 
is of interest. Also, a greatly simplified design has been worked 
out in which the stagnation tube has been eliminated, making 
a more compact instrument. Since the present study indicates 
that genera] results can be obtained from low-temperature tests, 
investigations for the immediate future are being planned on 
subsonic air streams at room temperature and with Mach num- 
bers up to 0.70-0.80. A longer-range program includes low- 
temperature tests up to a Mach number of 1.0 and high-tempera- 
ture check runs in the full range of subsonic Mach numbers. 


CONCLUSIONS 


It is felt that the experimental data accumulated so far indi- 
cate the practica] utility of the method for measuring gas tem- 
peratures as presented here. Also, the test data suggest the gen- 
erality of low-temperature results, a fact which will simplify re- 
search greatly at higher flow velocities. For the particular probe 
design tested, it appears that the instrument indicates true gas 
static temperature when P, — P,, is approximately 1 in. of water. 
It is very probable that each type of probe entrance used will re- 
quire a similar ‘“‘calibration.’”” However, once the point of best 
operation has been determined, the instrument should give re- 
liable results when operated there. The good correlation be- 
tween the calculated temperature (by Equation [4]) and the gas 
temperatures should become even better as the velocity and tem- 
perature of the gas stream are increased. The instrument is not 
affected by radiation, and with proper design it should be able to 
be used in gas streams at temperatures presently being obtained 
in turbojet engines and test-stand ramjet combustion chambers. 
The instrument is rugged, not subject to corrosion, is relatively 
simple to build, and is easily installed. Maintenance should not 
be a problem. 

Finally, the two important basic qualities should be restated: 
The instrument indicates a point-value of temperature, hence it 
is a “temperature meter’; and inherent in the derivation of the 
method is the property that the equation describing the tem- 
perature is practically independent of the composition of the gas 
being measured, over a wide range of compositions expected in 
present and future combustion problems. 
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Appendix 


If the temperature distribution at point 2 and velocity dis- 
tributions at both points 2 and 3 are known a modified form of 
Equation [2] may be used for determining the mean temperature 
at point 3, Fig. 2. 7 

Define flow rate, average density, and average temperature, as 


folle ws 


= TpVdA 


If the mass average velocity is defined as V = w/(pA) then 
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Also define 


Then the momentum equation may be written for a constant- 
area duct as 

uy 


A(P; — P;) = .. [19] 
go 


Then a modified Equation [2] is obtained by combining Equa- 


tions [14] through [19] 
R:T go P,; 
20 


R, 
which may be used to determine an average temperature at 
point 3. 
Combining Equation [18] with [15] and [17] 


Af, 
[f, ves f, eves | 
The values of J at two points are the same if the ratios of T/T ez, 
and V/V¢, are each the same functions of r at the two points. 


The value of J is unity if V and 7 are uniform across the duct, 
e.g., one-dimensional flow. 


T; = 


J= 


Discussion 


8S. W. Greenwoop.‘ The authors quote Blackshear who ob- 
tained static temperature results with the sodium D line-reversal 
method higher than the stagnation values obtained with a ther- 
modynamic instrument using two consecutive flow elements. A 
study of the literature on the line-reversal method indicates that 
temperature values closely approaching, and in some cases even 
exceeding, the theoretical values for complete combustion are fre- 
quently obtained. The discrepancy between the two sets of re- 
sults noted by Blackshear may, perhaps, therefore be partly 
attributed to defects in the line-reversal method. 

With regard to the thermodynamic method tentatively pro- 
posed by the authors, and centering on Equation [2], the limita- 
tions inherent in the assumptions on which the equation is based 
appear to be quite severe. The value for 7’; determined in prac- 
tice would be too high, the error depending on the extent to which 
the basic assumptions were invalid. 

It would be interesting to know whether any correlation has 
been effected between the proposed theory and practical cases of 
heat addition. 

The refinement of Equation [2], given as Equation [20] in the 
Appendix, requires a knowledge of the velocity distribution at 
Section 3. It would seem that this requires a knowledge of the 
density variation across the section, which in turn requires a 
knowledge of the temperature variation. If this is known, the 
analysis is not required! Comment on this point would be ap- 
preciated. 

With respect to Fig. 9, one feels that when P; — P, is zero, then 
AT per cent should also be zero. Could the authors account for 
the departure from this condition? 

It would be interesting to know where the static-pressure taps 
in the duct wall were placed relative to the probe. Was any 
investigation made of the effect of varying the position of the 
taps? 

‘ Assistant Research Engineer, Gas Dynamics Laboratory, Depart- 
ment of Mechanical Engineering, McGill University, Montreal, Que., 
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obtained. 


In connection with the proposal of the authors to place free- 
stream static-pressure taps in the outer wall of the probe, it 
might be desirable to position such taps in a plane perpendicular 
to the probe stem, to avoid the influence of the stem and of 
proximity to the duct walls on the static-pressure readings 


Avruors’ CLosuRE 


We wish to thank Mr. Greenwood for his thoughtful and inter- 
esting comments on this work. 

We agree that it is highly probable that the apparent dis- 
crepancy in Blackshear's results may be attributed to irregulari- 
ties in the sodium D-line method. The conclusions drawn 
from Mr. Greenwood’s literature survey in regard to the sodium 
D-line method are consistent in character with those of our 
reference 5, indicating the need for care and caution on the part 
of the experimenter if this presently widely used technique is to 
be employed in the measurement of high gas temperatures. Our 
experience with this method has involved the use of a fairly in- 
expensive spectrometer in experiments in which our objectives 
were to attempt to inject liquid sodium at a “point” in a gas 
stream and to determine the lowest temperature at which re- 
versal could be observed. Attendant to the accomplishment of 
these objectives we encountered difficulty with obtaining and 
maintaining the proper slit adjustment on the spectrometer, 
clogging of the sodium injection system, and an unsatisfactorily 
sensitive calibration of the comparator lamp, all of which were 
inherent with our relatively simple setup. In addition we found, 
in general, not a precise reversa! point but rather a band over 
which it was difficult to assign the exact reversal temperature. 
Frequently it appeared that one of the D-lines reversed while the 
other did not, again lending uncertainty and inaccuracies. Our 
conclusion was that to be more satisfactory the instrumentation 
would have to be more complicated and expensive and un- 
wieldy. These latter characteristics seem to be found in many 
successful D-line installations and as such limit their use prin- 
cipally to the laboratory. One of our objectives in this present 
study was to develop a “temperature meter” of reasonable sim- 
plicity and expense at no sacrifice in mechanical reliability nor 
precision. 

We are aware that Equation [2] would not be adequate for 
many constant area combustion processes owing to the departure 
from one-dimensional conditions because of the effects of flame 
holders and asymmetrical fuel injection and combustion. For 
this reason we re-emphasize the approximate nature which Equa- 
tion [2] could assume, depending on the conditions of each par- 
ticular combustion process. To our knowledge no experiments 
have been conducted on the method of Equation [2]. However, 
we doubt the value of such experiments, except to the particular 
individual and apparatus concerned, since the subject method is 
based on an experimental equation of state and three well- 


established principles: namely, Newton’s Second Law; The Con- | i 


servation of Mass; and the Second Law of Thermodynamics, each 
of which has not been contradicted in countless experiments 
Thus any experiments using the method of Equation [2] would 
not check the method but would simply demonstrate the degree 
of departure of the conditions of the experiment from the as-_ 
sumptions underlying the method. Obviously, the results would 
have only local significance. - 
We do not share the enthusiasm of Mr. Greenwood’s comment 
on our Equation [20]. We think a broader viewpoint is possibie. 
It is true that to determine the velocity variation at station 3, 
Fig. 2, knowledge would be required of the temperature varia- 
tion. This fact brings out the weakness of all such “bulk” — 
methods and aa the necessity for an instrument which isa 
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sion. However, once such velocity and temperature profiles have 
been established, say, as a function of some nondimensional 
quantity as a Reynolds number, then the J factors can be evalua- 
ted. We can visualize the convenience afforded to the experi- 
menter who then uses these J factors in Equation [20] and is 
able to compute accurately the average downstream static tem- 
perature by making one simple measurement in the high-tem- 
perature region, namely, the static pressure. It is also conceiva- 
ble that one might choose to “extrapolate” lower-temperature 
velocity and temperature profiles in order to improve the ap- 
proximation of the determination of 7's. 

We believe that inherent installation and instrument errors 
caused the manometer to indicate a zero difference in P; — P, 
when P, was actually less than P,. This would result in the 
flow into the probe being similar to case 3, Fig. 8. 

The static-pressure taps in the wall were located in the plane 
of the probe's entrance, as shown in Fig. 5. No investigation was 
conducted on the effect of changing the location of these pres- 
sure taps. 

We agree that pressure taps located on the probe itself would 


re 


probably be best placed in a plane perpendicular to the stem, al- fe 
though recent work at the NACA® has shown this not to be _ 


particularly critical if reasonable care is observed. 


In addition to the comments on Mr. Greenwood’s points we > 


wish to make two more. 


During the initial stages of our experi- | 


ments we found that excessive cooling of the gas sample was as | 


serious as insufficient cooling. That is, with a high rate of 


coolant flow, water vapor would condense on the heat-exchanger 
surfaces resulting in incorrect measurement of mass flow. This 
was remedied by reducing the cooling flow, thus maintaining the 
heat-transfer surfaces hotter and dry. 

In regard to our comment following Equation [13] it has been 
pointed out that once the static temperature has been deter- 
mined, then an accurate value can be calculated for k. 
being the case, the stagnation temperature as calculated by our 
Equation [13] is independent of uncertainties in gas composition, 


* “Effects of Pressure-Rake Design Parameters on Static-Pressure 
Measurement for Rakes used in Subsonic Free-Jets’, by L. N. 
Krause, NACA TN 2520 unclassified October 1, $088. 
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The problem of disposal of inflammable vapors released 
from safety relief valves in petroleum refineries and similar 
types of units is treated in this paper. Three approaches 
are presented which are being employed in the design of 
pressure-relieving systems with the objective of reducing 
costs without sacrificing safety: (a) Use of diffusion equa- 
tions to determine maximum concentration of gas at 
grade when a given quantity is discharged from a safety 
relief valve into the atmosphere. The solution assists in 
determining whether an open or closed system should be 
used. (6) Procedure whereby in closed systems, the sizes 
of discharge piping may be reduced by setting the relief 
valve below vessel design pressure. (c) Application of 
special type of safety relief valve in closed systems, in 
order to eliminate or reduce effects of back pressure. 


NOMENCLATURE 


The following nomenclature is used in the paper: oer 

a = throat area of relief valve, sq in. 

C = gas conceftration, pef of air at any point z, y, on ground 
C, = kinetic-energy correction factor for adiabatic flow 
Cx = kinetic-energy correction factor for isothermal flow 
C, = horizontal diffusion coefficient 
C, = vertical diffusion coefficient 
D = inside diameter of pipe or vessel, in. set” 
d = inside diameter of pipe, ft iA cot ide 
E = joint efficiency 

f = Fanning friction factor,dimensionless 
= mass velocity of gas, |b per sec per sq ft Sp Adcrnrattias itty 
= gravitational! constant, 32.17 fps persec 62 Pas AT’ 
effective stack height, ft 
coefficient of discharge forrelief valves 
ratio of specific heats, dimensionless 

L = equivalent length of pipe, ft 
In = logarithm to natural logarithmic base, ua 
M = molecular weight of gas, |b per lb mole 
n = a number that depends on pressure accumulation within 
vessel (upstream of relief valve) (for 10 per cent sys- 
tems n = 0.1, for 25 per cent systems n = 0.25 etc.) 
P = absolute pressure of gas, psi 

! Piping Engineer, The M. W. Kellogg Company. 

? Head, Piping Analytical Section, The M. W. Kellogg Company. 
Mem. ASME. 

Contributed by the Petroleum Division and presented at the Semi- 
Annual Meeting, Toronto, Ont., Can., June 11-15, 1951, of Taz 
American Society or Mechanica ENGINEERS, 

Nore: Stat and opini advanced in papers are to be 
understood as individual expressions of their authors and not those 
of the Society. Manuscript received at ASME Headquarters, 
May 15,1951. Paper No.51—SA-18. 
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Involved in Safe Disposal of 
Inflammable Vapors From Safety 


Relief Valves 


By S. CHESLER' anv B. W. JESSER,? NEW YORK, N. Y. 


sign and 


P, = accumulative pressure within vessel (upstream of relief 
valve), psig ig 
Pp = design pressure of vessel, psig ye 
Po = operating pressure in vessel, psig Fae Sethe 
Ps = set pressure of safety relief valve, psig -. 
p = absolute pressure of gas, psf 
r = critical pressure ratio, (P:/P:)er; depends on ratio of 
specific heats, k 
S = allowable stress in design of vessels, psi 
T = absolute temperature of gas, deg R = (deg F + 460) 
t = thickness of vessel, in. 
u = mean wind velocity, fph 
V = linear velocity of gas, fps 
v = specific volume of gas, cuftperlb = 1/p 
W = weight of gas discharged, lb per hr 
zx = distance from base of stack down wind, ft 
y = distance cross-wind from center line of gas stream, ft 
AP, = frictional pressure drop in entire length of pipe, based 
on inlet (upstream) conditions; psi 
AP = corrected pressure drop, psi = C,AP, or C,AP, 
p = density of gas, lb per cu ft. 
Subscripis: 
1 = upstream—at inlet to pipe or at inlet to relief valve (in 
latter case it refers to accumulative conditions) 
2 = downstream—at outlet of pipe or at outlet of relief valve 
c = refers to critical flow conditions at end of pipe or in throat 
of relief valve 


INTRODUCTION 


During the design of nearly all petroleum refineries and similar 
types of units, the question always arises as to the method of dis- 
posal of the inflammable vapors released from safety relief valves. 
There is the first decision as to whether the discharge shall vent 
directly to the atmosphere or to a closed system terminating in 
a refinery flare or a water-quenched stack. If the decision is 
in favor of the open system, a minimum of additional work is re- 
quired. However, if a closed system is selected, a considerable 
number of problems must be solved in order to attain a safe and 
satisfactory system. 
system with long large lines meandering all over the refinery. 
The present paper will not attempt to cover the complete detailed 


design of such systems since the API is now in the process of pre- _ Ss 


paring an extensive bulletin on the subject of ‘Pressure Relieving 
Systems.” 
This paper will, however, present three approaches presently 


In most cases this is a rather expensive = 


being employed in the design of pressure-relieving systems in an ps3 


effort to reduce their costs without sacrificing safety : 


1 The first method assists in 
versus closed system. It involves the use of 


making the decision of open system or 
diffusion equations — 
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in order to determine the maximum concentration of a gas that 
might be expected at grade when a given quantity of gas is dis- 
charged from a safety relief valve into the atmosphere. The loca- 
tion of this point of maximum concentration also may be deter- 
mined, 

2 The second method preseuts a procedure whereby, if a closed 
system is used, the sizes of the discharge piping may be reduced by 
setting the pop pressure of the conventional safety relief valve 
below the design pressure of the vessel. 

3 The third method also applies to closed systems. It involves 
the application of a special type of safety relief valve presently 
being developed in order to eliminate or reduce the effects of back 
pressure and thus reduce line sizes in the discharge system. Ex- 
perimental valve-capacity data observed by the authors are in- 
cluded. 


In order to give a realistic picture of the cost and economy in- 
volved, typical safety relief-valve discharge systems have been 
set up, sized, and priced for the various alternatives just pre- 
sented. Also included are cases covering the alternative back 
pressures permitted by the 1943 API-ASME code (10 per cent) 
and the 1950 ASME UPV code (25 per cent). 


Derinition or Terms 


“Safety relief valve’’—a spring-loaded automatic pressure- 
actuated relieving device, characterized by pop action and a 
closed bonnet so that it is suitable for service as either a safety 
valve or a relief valve. For convenience and in line with usual 
refinery practice, the term in this paper will be condensed to “re- 
lief valve."’ Furthermore, consideration has been given only 
to nozzle-type high-lift relief valves. 


“Set pressure” 
open or pop. 

“Opening pressure’’—vessel pressure at which there is a measura- 
ble opening of disk. 

“Relieving pressure” 
is discharging. 

“Accumulative pressure” 
mitted by code. 

“Reseat pressure’’—vessel pressure at which valve closes auto- 
matically after discharge. 

“Blowdown’’—difference between opening and reseat pressure. 

“Back pressure’’—pressure at outlet of relief valve. 

“Superimposed back pressure’’—back pressure that is exerted 
at outlet of relief valve by release of vapors from other relief 
valves tied ir to same closed system. 

“Lapse rate’—rate of decrease of atmospheric temperature 
with altitude. 

“Inversion’’—meteorological condition wherein atmospheric 
temperature increases with altitude. 


vessel pressure at which relief valve is set to 


—vessel pressure existing while relief valve 


maximum relieving pressure per- 


Gas Concentrations From Discnarce Drrecriy 
TO ATMOSPHERE 


The decision between an open or a closed relief-valve system 
is many times an arbitrary one based on local conditions, past 
practices, and the general feelings of the person or persons making 
the decision. There is seldom any concrete fact on which to 
base the decision. Recently, however, this problem has been at- 
tacked by making use of the theoretical] equations for the dispersion 
of gases from tall stacks as developed by Bosanquet-Pearson (1)* 
and Sutton (2). These theoretical equations have been applied 
by Thomas, Hill, and Abersold (3) to a large number of field 
measurements in which the ground concentrations of SO, gas 


* Numbers in parentheses refer to the Bibliography at the end of 
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released from tall stacks was determined. Very good agreement — 

with the theory has been indicated. ; 

In essence these diffusion equations define the action of smoke _ 
or gases as they leave a stack, turn downwind, and cone out. _ 
At some point downwind, the cone reaches the ground, and there — 
the gases are reflected. The point of maximum ground concen- 
tration is somewhat downwind of the point where the cone first 
reaches the ground. uss 

Swift and Murphy (4) used these equations to calculate the — 
maximum ground concentration that would be expected when the _ 
relief valves popped on an alkylation unit. Assuming al mile _ 
wind, they arrived at a concentration range of 0.44 to 0.55 per 
cent by volume, which is well below the minimum limit of ex 
plosibility (5) of any gas likely to be encountered in that particu- — ih 
lar case. 

The Bosanquet-Pearson formula is given as 


Ww 


On differentiation, the location of the maximum ground con 
centration is shown to be at ne 


and the maximum ground concentration is given as 


Sutton's formula for maximum ground concentration is exactly 7 
the same, except that the numerical constant is 1.09 as great. hin 
For the distance between the source and the point of maximum | 
concentration, Sutton’s formula yields a figure at least double that => 
of Bosanquet and Pearson. : 

The diffusion coefficients are functions of both elevation and : ih 
meteorological conditions. Low values correspond to high eleva- _ 
tions and inversion conditions, while high values correspond to 
low elevations and lapse conditions. Bosanquet-Pearson as- | 
sumed mean values of C, = 0.08 and C, = 0.05, whereas Sutton er 
showed a range of 0.07 to 0.21 for C, and 0.035 to 0.21 for C,. — 
The work of Thomas, Hill, and Abersold showed the best agree-— = 
ment between theoretical equations and field measurements + 
when diffusion coefficients of 0.05 to 0.07 were used. This more _ 
or less confirmed the information of Best (6), who found that, — 
above stack heights of 20 to 25 m, vertical and horizontal diffu-— 
sion coefficients are about equal, yielding a C,/C, ratio of 1. 

In order to facilitate the use of the Bosanquet-Pearson equa- 
tion (1), a plot, Fig. 1, has been prepared showing the discharge oF i 
rate of vapor versus maximum ground concentration for various — ; 
stack heights. This plot is based on a wind velocity of | mph 
and a C,/C, ratio of 1.00. Results from Fig. 1 should be cor- 
rected for the appropriate ratio of C,/C,. 

To date most of the work with the diffusion equations has been — 
applied to stacks handling material closely associated with sir 
and at low stack velocities. In applying these equations to the 
discharge from relief valves to the atmosphere, ar nell 
must be given to factors not inherent in the equations, namely 
stack velocity, density, and the effect of diluents. Then there is 
also the question of point source versus line Source. 

Von Hohenleiten and Wolf (7) included stack velocity as one 
of their variables in a model study of smoke plumes, prior to the 
building of the Riverside Station of the Baltimore Consolidated 
Gas & Electric Company. They found that stack velocity has a 
considerable effect on the elevation of the plume. Fig. 2(@) re 
produces one of their plots and indicates the difference in smoke 
plumes produced by stack velocities of 15 and 50 fps with 
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Emission ror Various Stack Heicuts 


wind velocity (u) = 1 mph.) 


(Basis: 


10-mph wind. With a lower wind velocity, the larger stack ve- 
locity should be even more effective in placing the plume at a 
higher elevation. Studies made after the completion of the plant 
at Baltimore showed that the correlation between model and 
actual plant was very good. Furthermore, the results with a 50- 
fps velocity were so encouraging that, when subsequent units 
were added, they were designed for a 90-fps velocity, and nozzles 
were incorporated in the stack outlets. Although the velocities 
involved are much lower than the 500-1000 fps that might be 
obtained in a relief-vaive discharge pipe, the experience at Balti- 
more does give a qualitative indication of what can be expected. 

Taylor, Grimmett, and Comings (8) determined the velocity 
and momentum profiles of jets of air mixing with air through ve- 
locity ranges of 30 to 800 fps. Their study was carried out to a 
distance 30 diam from the nozzle, at which point the instantaneous 
velocity at the axis of the jet was still 22 per cent of the ini- 
tial velocity. Furthermore, these authorsshowed that the original 
air from the jet has been diluted with 7.5 volumes of air by en- 
trainment at the 30-diam location. Albertson, et al (9) in a similar 
study found that the center-line velocity at 100 diam was still 
6 per cent of the initial velocity, and the dilution was 18 volumes 
at 65 diam. 

Combining the foregoing observations and applying them to 
the vertical discharge from a relief valve into an atmosphere 
moving horizontally at 1 mph, it is reasonable to assume that 
the flow pattern would be as shown in Fig. 2(b). The gases would 
first rise in a vertical cone for some distance and then would roll 
over into the horizontal. It appears that this phenomenon can 
best be incorporated into the Bosanquet-Pearson equation by us- 
ing an “effective stack height.” This effective stack height 
would equal the height of the actual outlet plus an allowance for 


rae 


velocity for which 60 to 100 diam of the outlet-pipe size appears _ 
to be a reasonable figure. be et 

Since the Bosanquet-Pearson and Sutton equations are based : 
on eddy diffusion, density is not considered as a factor. How- rE 
ever, density may enter the over-all phenomenon by exerting its = 
effect before the diffusion process starts. This is forcibly brought ¥ 
out by Thomas, Hill, and Abersold (3) in their discussion of the 
effect of temperature. They point out that with low wind veloci- _ 
ties, smoke at high temperatures will rise to high levels above 
the stack before coning out according to the diffusion equations, __ 
whereas with high wind velocities, the hot gases are blown | 
nearly horizontally from the top of the stack, and thus 
temperature and density effects are practically negligible. 
Therefore, with low wind velocity and density less than air, one _ 
would expect a gas to rise before coning out, and with density ‘ = 
greater than air to fall vertically before coning out. This latter — 
effect has definitely been observed in refineries on many occasions 
when hydrocarbon vapor has been seen to roll out of the top of a 
stack and drop toward the earth. 

This approach to the effect of density, however, neglects any 
consideration of velocity of emission. In the discharge from re- 
lief valves these velocities are so high that by the time the ver- 
tical-velocity component of the issuing stream has been reduced 
to the magnitude where the difference in density between the 
stream and the air will have any effect, the stream has “coned” 
out considerably, and the diffusion process is well under way. 
Thus the theorized pattern under low wind and high stack ve- 
locities as indicated in Fig. 2(b), should not be changed in any 
appreciable manner by density effects. 
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Fie. 2(6) Anticrpatep Errecr or Hien Stack Vevocrry on Gas 


Discnarce From Reimer VaLves 
(Low wind velocity.) 


The possible effects of adding diluents is discussed by Bosan- ee 


centration. Swift cad Murphy (4) confirmed this by calculating 5 

several cases with hydrocarbon alone and then diluted with steam hes 7 
and found little or no effect. However, the presence of steam will 
increase the stack velocity, which in turn will increase theeffective __ 
stack height. Steam is normally tied into most relief-valve dis- es 
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charge vents anyway and, in some cases, it may be advisable to 
increase the size of the steam tie-in line and make the admission 
of steam automatic. Everything possible should be done to in- 
crease the velocity of emission even to the point of putting nozzles 
at the outlets of the discharge pipes. 

The Bosanquet-Pearson Equation [1] is based on a point 
source of emission. The original reference also includes an equa- 
tion for a line source, such as a battery of chimneys. Neither of 
these equations fits precisely the refinery situation where relief 
valves are to be discharged to the atmosphere. For an individual 
unit, the outlet pipes are close enough together so that the total 
quantity discharged may be considered as emanating from a 
single central source at an average height. When there is a group 
of units involved, it appears best to consider each unit as a point 
source. The maximum concentration at any given point may 
then be assumed to be equal to the sum of the individual concen- 
trations resulting from gas release from the various units. The 
individual concentrations may be determined from Equation 
{1] or [3]. 


Errectr or Serrina Rewer Vatves Betow Vesse. Design 
Pressures on CLosep Discuarce Systems 


The sizing of a closed system collecting vapors released from 
conventional-type relief valves is governed by the maximum per- 
missible back pressure at the valve outlet. As is well known, this 
conventional type of valve responds to the full impact of the back 
pressure and as such operates essentially on the differential that 
exists between the pressure upstream of the relief valve and that im- 
mediately downstream, i.e., the back pressure. In view of this 
behavior the pressure drop available for vapor flow in the dis- 
charge system is equal to the pressure accumulation within the 
vessel as permitted by the governing code. At present, prac- 
tically all petroleum vessels are designed in accordance with one 
of the following Unfired Pressure Vessel Codés: (a) 1943 API- 
ASME, (6) 1949 ASME, or (c) 1950 ASME. The pressure ac- 
cumulation permitted by the first two codes is 10 per cent of the 
design pressure. The same is true of the 1950 ASME code, ex- 
cept that, in the case of fire condition, this code permits 20 per 
cent accumulation. It is also important to note that the Non- 
Mandatory Appendix M of this code states that in “manifold dis- 
charge systems, . . . . . the header should be so designed as to limit 
the back pressure to approximately 25 per cent of the set pressure 
of the lowest set valve.” Thus it can be assumed that all refining 
units designed to the 1950 ASME UPV code will probably have 
“25 per cent discharge systems,”’ while those designed to 1943 
API-ASME and 1949 ASME will have “10 per cent discharge 
systems.” Since the number of states which, at present, have 
approved the 1950 ASME UPV code is rather limited, most of 
the systems presently being designed must legally be “10 per 
cent systems.” 

For vessels whose design pressures are fairly low and where the 
quantity to be relieved is quite large, the pipe sizes in the closed 
systems become very large if the system is to accommodate the 
discharge from the relief valves within the foregoing back pressure 
limitations. 

If a larger back pressure were available, it would permit a re- 
duction in pipe sizes and a consequent reduction in the cost of 
the closed system. One way that this can be accomplished, with- 
out violating code limitations, is by setting the relief valve below 
the design pressure of the vessel. Thus, instead of the pressure 
drop available for the discharge system being only 10 per cent 
(or 25 per cent) of the design pressure, the drop available would be 
this figure plus the difference between the set pressure and the 
design pressure. Of course, the immediate objection to such a 
procedure is that it would decrease the spread between the oper- 
ating pressure — the set pressure, and thus limit the flexibility 
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of operation and increase the frequency of valve popping. How 2 
ever, the procedure recommended in this paper eliminates this _ 
objection. The set pressure of the relief valve is established on the 
same basis as that normally used to establish design pressure, 
namely, to secure a& satisfactory spread between operating pres- 


savings in the discharge piping, but there is also a saving in relief- 
valve cost since the higher design pressure results in a lower re- ; 
quirement of relieving area. 

However, an increase in the design pressure means an i increase ve 
in the cost of the vessel. Therefore it is necessary to ll 
of the discharge piping and relief valves. 

Within the internal-pressure limitations considered in this 
paper, the API-ASME formula for calculating the corroded thick- BS? 
ness of cylindrical shells 7 


P,D 
2SE — Pp 
and the corresponding ASME formula 
P,D 
t=- 
2SE — 1.2Pp (5) 


yield for all practical purposes the same results for design tem- 
peratures not exceeding 650 F. Beyond this temperature the 
allowable stresses differ slightly and lead to slightly different re- 
sults. However, since the design conditions considered herein 
have been selected arbitrarily, there is no loss in generality if an 
over-all API-ASME basis is used. 

Fig. 3 shows a plot of the required corroded thickness of cylin- 
drical shells for various internal pressures. The chart, as indi- 
cated, is based on the API-ASME formula and is applicable to 
vessels designed for a temperature not greater than 650 F, and a 
joint efficiency of 80 per cent. As explained previously, there is 
no loss in generality in using this basic joint efficiency. 

The line on the chart marked minimum thickness represents 
the API-ASME code requirement as expressed by the formula 


and is independent of the design temperature. 

Points, representing diameters and design pressures of vessels, 
to the left of the line marked minimum thickness, indicate mini- 
mum-thickness vessels, whereas, points to the right of this line 
indicate that the thickness is determined by pressure. Thus, in 
the case of vessels with design température equal to or less than 
650 F and lying to the left of the minimum-thickness line in Fig. 3, 
the design pressure may be increased up to that 
to the minimum thickness with no additional cost for the cy- 
lindrical shell. The heads may have to be made heavier and re- 
inforcing pads at nozzles added, or increased in thickness. Because 
of the many variables involved, it is impractical to develop any 
general economic relation between incremental increase in vessel 
cost and savings in discharge piping. Nevertheless, experience 
has indicated that wherever vessels are operating at low pressures 
and relieving into closed systems, it definitely pays to put a spread 
between the set pressure and design pressure. It is not always 
necessary nor even advisable to raise the design pressure to that 
corresponding to minimum thickness. Five or ten pounds may 
sometimes be sufficient. Furthermore, the procedure is not neces- 


sarily limited to vessels with design temperatures at or below 
650 F. That limits the use of Fig. 3. 
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THICKNESS OF SHELL 


Requirep THICKNESS OF CYLINDRICAL SHELLS FOR INTERNAL 
URE 


In following the foregoing procedure there is one precaution 
that must be taken. Due to the fact that the vessels involved 
have relatively low set pressures, indiscriminate raising of the 
design pressure and a consequent wide spread between accumu- 
lative pressure and set pressure, may result in the back pressure 
being above the critical pressure. To check this point, the fol- 
lowing general formula may be used in order to determine for 
any given set pressure Ps, what maximum design pressure Pp 
may be used without exceeding the critical condition 


1 

Po= 
where n is a number that depends on the permissible accumula- 
tion; for 10 per cent accumulation n = 0.1; for 25 per cent ac- 
cumulation n = 0.25, etc; ris the critical pressure ratio (P2/P; ori 
that depends on the ratio of specific heats, k. 

Assuming a critical ratio of 0.55 and an atmospheric pressure 
of 14.7 psi, one obtains: 

7 or 10 per cent systems 


For 25 per cent systems 
Pp = 1.78 Ps — 118 
If it is desired to raise the design pressure higher than the figure 
resulting from Equation [8] or [8a], then it is necessary that the 


relief-valve area for the vessel be calculated from the noncritical __ 
formula 


The simple case of a single vessel 10 ft diam operating at 10 
psig and releasing 160,000 Ib per hr of 300 F and 62-molecular- 
weight vapor to a flare 2000 ft away will serve to illustrate the 
savings that may be derived by following the recom- 
mended. Table 1 serves to summarize the results of this illus- 
tration. If it is assumed that the normal basis for spread between 
operating pressure Py, and design pressure P,, is 10 per cent or 
10 Ib whichever is greater, the design and set pressures for the 
conventional procedure will be 20 psig. The set pressure under 
all columns of the recommended procedure will also be 20 Ib. 
By using Equations {8} and [8a], the maximum design pressure 
for the critical flow case is 27 psig and 24 psig, respectively. Ifa 
higher design pressure is desired, reference to Fig. 3 indicates that 
it may be increased to 40 psig without increasing shell thickness 
for the noncritical flow case. Accumulative pressure P, is ob- 
tained by multiplying the design pressure by 1.1 or 1.25, respec- 
tively, for the 10 per cent or 25 per cent systems. The back pres- 
sure available for the design of the discharge system is the ac- 
cumulative pressure minus the set pressure. Critical pressure 
(gage) = 0.55 (P, + 14.7) — 14.7. The line size and safety 
relief-valve area are calculated following conventional practices 
except that Equation [9] is used for the noncritical flow case. 

Reference to Table | clearly indicates that substantia) savings 
can be achieved by setting relief valves below design pressure 
when minimum-thickness vessels are involved. For the 10 per 
cent system, the size of the discharge line was reduced from 26 to 
16 in., and the net total cost reduced from $46,900 to $24,800. 
For the 25 per cent system, the line size was reduced from 22 to 
14 in., and the cost from $42,000 to $21,900. Such savings can 
be made without any sacrifice in safety or operating flexibility 
and with a probable saving in engineering cost. Experience has 
indicated that savings of this order are typical but naturally are 
a function of the extent of the discharge system. 

In the case of vessels that lie to the right of the minimum thick- 
ness line in Fig. 3, the same procedure with regard to a spread 
between set and design pressure may be applied, but the savings 
in general are not as substantial. Normally, the plot of vessel 
diameter versus design pressure in Fig. 3 will lie between two 
thicknesses. Since the tower, undoubtedly, will be purchased 
with the thicker plate, an increase in the design pressure usually — 
may be obtained for the small cost of increasing the size of the — 
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reinforcing pads and oe thickness of the tower heads. For ex- 
ample, an 8-ft tower designed for 80 psig requires, according to 
Fig. 3, a corroded thickness of slightly over or “/ in. which 
would require a */,-in. plate, corresponding to a design pressure 
of 85 psig. Therefore, if the set pressure is maintained at 80 
psig and the design pressure raised to 85 psig, then there will be 
an additional 5 psi available for the discharge system. In some 
eases where one particular tower is the bottleneck in the design 
of a discharge system, it may be found economically feasible to 
jump a plate thickness by '/» in. or more. 


Use or Reuter Vatves Operate INDEPENDENTLY OF Back 
PRESSURE 


Another approach to the problem of reducing discharge-line 
size involves the use of a special type of relief valve so designed 
that the effect of back pressure on the operation of the valve is 
essentially eliminated. For convenience and due to the lack of 
any better generic name for this special type of relief valve, such 
valves will be referred to in this paper as “back pressure’’ re- 
lief valves, as contrasted with the ‘‘conventional” relief valve. 
The potentialities involved in the use of a good back-pressure 
valve are best illustrated by reference to Fig. 4. The capacity 
curve for a conventional relief valve holds up fairly well until a 
back pressure of about 10 per cent is reached. Then it falls off 
rapidly and is usually closed at 15 to 18 per cent back pressure. 
By contrast, the theoretical nozzle curve maintains capacity up 
to the critical point and then tapers off gradually to 0 at 100 per 
cent back pressure. Even at 90 per cent back pressure, the ca- 
pacity has dropped only to 65 per cent. To anybody who has 
been juggling around relief-valve discharge systems with an 
over-all available back pressure of only 2 or 3 lbs, the thought of 
designing a system based on this curve would be a welcome re- 
lief. 

In the development of a good back-pressure relief valve there 
are four main conditions that must be achieved. They are as 
follows: 


1 With a superimposed back pressure at the valve outlet the 
valve should pop when the contents of the vessel reach the set 
pressure. 

2 After the valve pops and the vessel reaches the accumula- 
tive pressure, the valve should attain its full lift and its rated 
capacity against back pressure. The rated capacity should be 
maintained until the back pressure reaches critical and then, 
with further increase in back pressure, the capacity should fall 
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off gradually, neat as closely as possible the theoretical — 
nozzle capacity curve for the noncritical region. 

3 With superimposed back pressure, there should be little or 
no tendency for the relief valve to open at pressures in the vessel o 
below set pressure. 

4 The blowdown should not be excessive even with super- — 
imposed back pressure at the relief-valve outlet at the time of 
closing. 

However desirable the achievement of the foregoing conditions _ 
may be, it should be remembered that extreme back-pressure 
conditions can only occur when practically the entire refinery is an 
upset and, therefore, variations in the set pressure and blowdown he ‘< 
somewhat broader than normally permitted are tolerable. 
pacity, however, definitely should be established over the entire rs 
range of contemplated use of the relief valve. 

Figs. 5 and 6 show two makes of conventional relief valves, and oe. 
Fig. 7(a) shows a schematic diagram of the operation of the forces _ 
within the valve. Forces A are due to the pressure within the 
vessel. Force B is the counteracting spring pressure. Forces — 
C and D are the results of back pressure below and above the disk, _ 
respectively. This back pressure either may be superimposed 
or a result of vapor released from the valve itself, or a combina-— 
tion of the two. Since the bonnet is enclosed, the pressure in the 
bonnet and thus the pressure above the disk will be essentially the _ 
same as that in the bowl. With no back pressure (no forces 
or D) the valve will pop as soon as A exceeds B. With super- 

imposed back pressure, however, forces C and D are in effect and, fs 
since D operates over a greater area, the valve is held closed se 
the pressure in the vessel builds up to the set pressure plus the 
back pressure. A similar situation exists when the valve is open. 

As soon as the back pressure becomes greater than the difference _ 
between the relieving pressure and the set pressure, the valve will — 
close. Reaction effects of the vapor on the under side of the disk 
and the effects of the secondary orifice will tend to keep the valve 
open somewhat longer, but only to the extent of about 5 per = 
of the set pressure. af 

First attempts to develop a back-pressure relief valve involed 
eliminating the vent between the bow! and the bonnet. The i 
bonnet was then vented to atmosphere to release any vapors that 
leaked past the disk and the guide. With the bonnet under at- 
mospheric pressure, forces D were eliminated |see Fig. 7(b)]. This 
solved the situation to some degree when the valve was open and 
creating its own back pressure. However, when the valve was in 
the closed position with a superimposed back pressure at the valve 
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outlet, forces C would act in conjunction with A against B, and 
the disk would be lifted off the seat at vessel pressures well below 
set pressure. 

Since that time the valve manufacturers in co-operation with 
some of the oil companies have been working on the development 
of a satisfactory back-pressure relief valve. Many types and de- 
signs have been tried out and tested but failed in one way or an- 
other to meet the desired requi ts. However, developments 
have now reached the stage where installations of back-pressure 
valves are being made in both isolated test installations and com- 
plete refinery installations. 

Back-pressure relief valves presently under consideration are in 
two general categories, namely, the balanced-disk and piston 
valve and the bellows valve. One form of the balanced-disk and 
piston group is illustrated in Fig. 8, and might be called the 
sealed-piston type. It is a development from the vented bonnet 
valve in which a secondary piston has been added (assuming the 
disk itself is the primary piston). The area of this secondary 
piston has been balanced against the seat area (i.e., the diameter 
of the secondary piston equals the diameter of the seat of the 
nozzle). A hole is located in the guide so as to permit the back 
pressure to be exerted both above and below the extended por- 
tions of the disk (or primary piston). The secondary piston makes 
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a close fit with the guide so as to minimize leakage into the bon- Bes ety 
net. Thus, referring to Fig. 7(¢), the area over which the forces relat 
D are exerted is exactly equivalent to the area over which the 

forces C are exerted. Therefore, with vessel pressure below set Jape oo 
pressure and a superimposed back pressure, there should be no oy inven ee wt 
tendency for the valve to open before set pressure or to be held One i 8 

closed after set pressure has been reached. Performance tests en . 

witnessed by the authors confirmed these conclusions. Blowdown fed: 

was also satisfactory. On capacity tests, the rated capacity was 
maintained beyond the point where conventional valves close, 
but the capacity did fall off rapidly at a point far short of the 
critical. It is acknowledged that this valve is still in the develop- 
ment stage. 

Another form of this type of relief valve is shown in Fig. 9 and 
might be termed the balanced-disk and vented-piston valve. It 
is similar to the sealed-piston valve, except for the construction 
of the secondary piston. In the closed position there is a close fit 
between the secondary piston and the guide. However, the piston 
is recessed so that the moment the valve is opened, a large area 
is available to vent the gases from within the guide. These gases 
are vented into the bonnet and out the bonnet vent to the atmos- 
phere. The area of the hole in the guide is considerably smaller 
than the area between the recessed = and the guide. There- 
fore the pressure within the guide, when the valve is in the open 
position, is reduced to a small fraction of the back pressure. 

Furthermore, the ejector effect of the gases passing by the hole 
in the guide as they leave the valve has a tendency to reduce the 
pressure within the guide. Reference to Fig. 7(d) indicates that 
in the closed position, the vented-piston valve performs essentially 
in the same manner as the sealed-piston valve, Fig. 7(c). Forces 
D operate over the entire top area of the disk, but forces E in the 
opposite direction counteract a portion of these forces. Since 
the areas are so balanced that D — E = C, there is no net effect 
resulting from back-pressure forces acting on the disk when the 
valve is in the closed position. Performance tests have con- 
firmed this substantially, and the disk neither lifted off its seat 
prematurely nor was held closed above set pressure when super- 
imposed back pressure was applied. 

Fig. 7(e) shows the valve in the open position with the area 
within the guide vented and the forces D and E reduced to a 
small fraction of forces C. Capacity tests with steam were very Fie. 8 Bavancen-Disk anp SeaLep-Piston Revier VALVE 
good. The rated capacity was maintained to the critical, and of 
then, with increasing back pressure, the capacity gradually fell 
off following a path slightly below the theoretical curve. As for Pe eM bah ae, 7 
blowdown, the release of pressure above the seat might lead one 
to believe that a long blowdown would result. However, this : 
was not the case and, although the blowdown under high back 
pressure was above normal requirements, it was satisfactory. 
There are several installations presently using this type of valve. 

In the bellows relief valve, a different principle is used. By 
welding one end of a bellows to the disk and sealing the other 
end against the guide plate, a definite seal is obtained between 
the bowl and the bonnet. This prevents any gases from entering 
the bonnet and thus no pressure force is exerted on that portion 
of the top of the disk that is within the bellows. There are two 
types of bellows valves, namely, the unbalanced and the bal- 
anced. Figs. 10 and 11 illustrate the unbalanced construction. As 
indicated in Fig. 7(f), where the mean bellows diameter is greater 
than the seat diameter, this unbalanced condition results in forces 
D being less than C when back pressure is superimposed, thus 
causing the disk to lift off the seat below set pressure. Tests with 
both steam and gas have confirmed this point. Capacity tests 
on the unbalanced bellows valves have been highly successful. 
Tests with gas showed that rated capacity was maintained to 
critical. Beyond that point the data followed a fairly smooth Fic. 9 Batancep-Disk anv Ventep-Piston Revier VaLve 
curve somewhat above the theoretical. Tests on two different (Courtesy of Crosby Valve & Gage Company.) 
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ingly good agreement from a capacity point of view. In a test 
with steam, good results were obtained, except that beyond the 
critical the capacity was somewhat below the theoretical. 

The unbalanced bellows relief valve has been used in corrosive 
and asphalt service where variable back pressure is not a factor. 
It also can be used where there is a single tower discharging to a 
flare or vent line; or where there is one large vessel discharging 
into a system which collects only discharges of insignificant quan- 
tities from other vessels. In such cases only the large vessel can 
be equipped with unbalanced bellows relief valves. However, 
for the usual type of discharge system, handling the gas release 
from many towers, this valve is not satisfactory and must be 
considered as a develepment stage toward the desired end. 

The balanced bellows relief valve is illustrated in Fig. 12 and 
the pressure effects in Fig. 7(g). By reducing the mean diameter 
of the bellows until it equals the diameter of the seat, the pressure 
effects of forces D and C are equalized. In this way the disad- 
vantage of the unbalanced bellows valve in opening below set 
pressure is eliminated. Unfortunately, the authors have not had 
the opportunity to witness performance tests on the balanced 
bellows valves. The manufacturer points out that the only dif- 
ference between the balanced and unbalanced valves is the re- 
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duction of the bellows diameter and the mechanical rearrangement 
of the moving parts so as to fit them within the smaller bellows. ‘ 
The size and relation of all other parts remain the same. Thus 
it is their thought and contention that the balanced valve should 
have essentially the same capacity as the unbalanced valve. 
There is another prevalent opinion that, by the very operation of _ 
balancing the valve, a condition has been set up whereby full lift 
may not be achieved with a resultant loss and inconsistency in 
capacity. Performance tests should clarify this situation. At 
present there are several complete installations—both in service _ 
and under construction —using balanced bellows valves. 

The capacity data observed by the authors during their inves- 
Yr tigation of the back-pressure problem are covered in Fig. 4. These — 

: ss data are plotted as the ratio of the capacity of the valve atany 
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given back pressure to the capacity at zero back pressure versus _ 
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pressure. This enables all the data to be plotted against and com- 
pared with the theoretical nozzle-discharge curve. It also permits 
observation as to the reproducibility of data for different valve 
sizes and pressure ranges in the noncritical region. The tested ca- 
pacity of all valves at zero back pressure was above the rated 
capacity. In connection with these data, it should be pointed 
out that they were taken under three widely separated sets of 
conditions. In one case the flow was measured to the valve, in 
another case out of the valve, and in a third case it was weighed as 
condensate. Two different mediums were used, gas and steam. 
In the case of vented bonnet valves, use of steam gives better 
operation in that the condensation in the bonnet helps to re- 
move the steam leakage into the bonnet. Furthermore, steam 
apparently gives a shorter blowdown than gas. 

At present, the general practice in designing relief-valve dis- 
charge systems utilizing back-pressure relief valves is to use only 
50 per cent of the absolute accumulative pressure. Owing to the 
searcity of the capacity data above this point, this appears to be 
a safe and wise decision. However, perusal of the theoretical 
curve in Fig. 4 indicates that additional savings can be realized 
by designing to back pressures above 50 per cent—even up to 
90 per cent. More test data in this area should be secured. 

It should be pointed out that, for low-pressure vessels, the pro- 
cedure previously described, of setting the conventional relief 
valve below the design pressure results in a larger back pressure 
available for the discharge system than would result from the 
use of back-pressure relief valves (where back pressure is limited 
to 50 per cent). 

For the correct operation of the balanced-disk and piston 
valves, it is necessary that the gases leaking into the bonnet be 
vented. There is some thought that an entire second parallel sys- 
tem must be installed in order to carry away the vented gases 
to the point of disposal. However, in view of the small quantity 
of gases released and the Bosanquet-Pearson diffusion equations 
discussed earlier in this paper, it appears entirely satisfactory 
to carry these vents to the highest available point and discharge 
them to the atmosphere. The vented-piston valve will release 
considerably more than the sealed piston valve. 

In connection with the use of the bellows relief valves, there are 
two additional points that bear mentioning. (a) There are cer- 
tain externa] pressure limitations on the use of the bellows. These 
limitations are rather wide; however, they are fully covered in 
the manufacturer's catalog. (b) There is the question of what 
happens if the bellows leaks or fails. Fortunately, the quality of 
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bellows is cuittesdie improving but, nevertheless, the possibility 
of leakage or failure is always present. If it does fail, the valve 
will operate in the same manner as the conventional valve and 
thus, if the valve is called on to operate against a high back pres- 
sure, it will be necessary for the vessel pressure to build up to a 
pressure in excess of the originally contemplated figure in order 
for the valve to open or remain open. 

In order to evaluate the savings that may be achieved by using 
back-pressure relief valves, a typical refinery-flare system, con- 
sisting of several units was laid out, Fig. 13. The line sizes were 
calculated using 10 per cent and 25 per cent systems with con- 
ventional relief valves, and 50 per cent and 80 per cent systems 
using back-pressure relief valves except on those vessels where 
excess pressure was available, and thus the premium for the back 
pressure valve could not be justified. Table 2 summarizes the 
results of the line calculations and the installed costs for the vari- 
ous systems. From this table the reduction in line sizes and cost 
that can be achieved by the use of back-pressure relief valves is 
readily apparent. The main refinery header has been decreased 
from 28 in. for the 10 per cent case with conventional valves to 
16 in. for the 80 per cent case with back-pressure valves. Similar 
reductions in line sizes were made for the individual leads and 
other headers. The reduction in cost for the two cases cited was 
from $89,900 to $58,600. 

In passing, it should be pointed out that the comparable cost of 
an open system for the layout shown in Fig. 13 is $6600, including 
the cost of snuffing steam piping. 

In connection with the line calculations for a relief-valve dis- 
charge system, it is a rather prevalent procedure to calculate the 
pressure drop for any given line on the basis of the average pres- 
sure in that line. For low pressure drops, the error is not appre- 
ciable. But in the case of high pressure drops, such as those pro- 
duced when back-pressure valves are used, it is essential that the 
pressure drop be calculated, using either the isothermal approach 
of Lobo, Friend, and Skaperdas (10), or the adiabatic approach of 
Lapple (11). The use of average pressure rather than the adia- 
batic or isothermal methods may result in errors as high as 25 
to 30 per cent. An example illustrating a pressure-drop calcula- 
tion by these two methods is included in the Appendix. 

ConcLuUsIONS 

From the tabulated costs of the systems illustrated, it is evident 
that relief-valve discharge systems are expensive propositions. 
Therefore, before a closed system is decided on, due consideration 
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should be given to an open system. With the Bosanquet-Pearson 
equation and proper allowance for the velocity of emission of the 
vapors, the degree and location of the maximum ground concen- 
tration can be ascertained. These data together with the layout 
of the refinery and surrounding territory should permit an evalua- 
tion of the degree of risk involved in an open system. 

It should be remembered that in at least one respect an open 
system is safer than a closed system. In cases where one or more 
vessels in a refinery are out of service and the relief valve is to be 
removed, there is no risk at all with an open system. However, 
with a closed system, there is almost invariably some slight gas 
pressure in the system, and thus the removal of any relief valve 
opens up the system until a blind flange can be placed over the 
opening. Furthermore, there is always the possibility of a pop 
while the relief valve is being removed. 

If an open system is selected, the point of release of the gases 
to the atmosphere should be at the highest possible point with 
the largest possible velocity of emission consistent with the pres- 
sure available. In this connection, where excess pressure is availa- 
ble, consideration should be given to nozzles at the pipe outlet 
in order to increase velocity. In addition, where low-pressure 
towers are involved either back-pressure valves should be used 
or the relief valve should be set below design pressure so that more 
static pressure is available for conversion into velocity. 

The use of the open system is naturally not applicable to heavier 
vapors, (approximately 80 molecular weight and higher) be- 
cause of the tendency to condense. Recommended practice in 
those cases is a closed system to a water-quenched stack which 
may also serve to handle the furnace blowdown. 

When closed systems are required for one reason or another, the 
cost of the system can be reduced considerably by the two means 
presented, namely, setting the relief valve below the design pres- 
sure, and the use of back-pressure relief valves. The former is 
particularly advantageous for minimum-thickness vessels where 
the increased vessel costs resulting from raising the design pres- 
sure are usually very small compared to the savings in piping and 
relief valves in a closed discharge system. In cases above the 
minimum-thickness range, the advantages are limited somewhat 
but, on occasions, the method may have considerable value where 
one vessel is the “bottleneck”’ of the system. 

The use of back-pressure valves at the present time should be 
limited to back pressures not exceeding 50 per cent of the ac- 
cumulative absolute pressure, owing to lack of sufficient capacity 
tests for the range above critical. Development and testing in the 
range above critical should be continued so that eventually it 
will be possible to design with confidence to any back pressure. 
With the present 50 per cent limitation on back-pressure vaives, 
the application to low-pressure towers is not as effective as the 
procedure of setting the relief valve below the design pressure. 


In the case of balanced-disk valves that depend upon venting 
the bonnet, it is the opinion of the authors that, in most cases, 
the vent may be released te the atmosphere rather than be car- 
ried in a separate pilot system. If the gases are released at a 
high point with the largest possible velocity, the diffusion equa- 
tions would indicate practically no risk at all because of the small 
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Appendix 


Pressure Dror ror or Compressis_e Fiuips Pipes 


For small pressure drops the density of a vapor or a gas is very 
nearly constant and, just as in the case of liquid flow, the Fanning 
equation can be used for calculating the frictional losses for vapor 
flow in pipes. 

However, for large pressure drops the density varies markedly 
from point to point along the line, thereby introducing changes in 
the kinetic energy. Since the Fanning equation makes no allow- 
ance for these changes in the kinetic energy, a basic pressure-drop 
formula for the flow of compressible fluids in straight horizontal 
pipes of uniform cross section must be used. 

Isothermal Flow of Gases. 
have developed the following pressure-drop equation applicable 


to isothermal flow of ideal gases in straight horizontal pipes of 


uniform cross section 


@ 
Pr 


ny 
P, 


Lobo, Friend, and Skaperdss (10) 


10 25 50 80 
Back pressure per cent per cent per cent per cent 
18 16 10 10 
Line RV-5° 24 18 14 12 
8 6 6 6 
Line 28 22 20 16 lat aed 
Line 28 22 20 16 
$67,300 $53,400 $44,300 $36,000 
$22,600 $22,600 $22,600 $22,600 | 
900 $76.000 $66. 900 $58. 600 
yds 
; 
| 
\ \ 


This can be rearranged in the form 
=1 ( Ce 


The curves shown in Fig. 14, entitled “Kinetic Energy Correction 
for Pressure Drop for Isothermal Flow of Gases,” are based on 
Equation {11]. This chart gives kinetic-energy corrections for 
various ratios of AP,/P, corresponding to various values of 


{hh} 


= 5.504 x 10°? 


{12} 
IPrPr 


D*P,p, 


It should be remembered that AP, is the friction loss, based 
on inlet (or upstream) conditions, in the entire length of pipe; 
so that the corrected (actual) pressure drop A? is equal to 
Ce 

Note that the curves shown in Fig. 14 terminate at a broken 
line marked critical velocity. Points on this broken line thus rep- 
resent the maximum pressure drop that can be obtained in a 
given length of line of a given diameter for a given flow and inlet 
conditions, for velocities beyond the critical (acoustic), cannot 
be obtained in pipes of uniform cross section. 

The critical velocity for isothermal flow is given by 


V. = 68 


If the veloc rity at the pipe exit is critical, then P, = P, and p, = 


Pr. 

Adiabatic Flow of Gases. Adiabatic flow of ideal gases (with 
friction) in straight horizontal pipes of uniform cross section has 
been treated by Lapple (11), and others. However, the charts 
which Lapple prepared do not lend themselves very readily to the 
type of problems that involve the determination of pressure at the 
end of the line when the flow and the pipe-inlet conditions are 
known. Furthermore, the form of his equations is not applicable 
directly, without transformations and rearrangements, to the 
method of pressure-drop calculations used by the authors. 

Equations for adiabatic flow comparable in form to those ob- 
tained by Lobo, Friend, and Skaperdas for isothermal flow are 
desirable. 

One such equation can be obtained directly by integrating the 
energy- -balance equation 


VaV 
+ 


ndp + 
6, 


utilizing the equation of continuity 


14! 
g gd 


and the equation of state tor adiabatic flow 
The result of the foregoing integration leads to the following ex- 


pression 
G | 


= const 


The equation of state, Equation 116}, can be expressed as fol- 


lows 


2k / gpm 
where C, is the kinetic-energy correction factor for adiabatic flow. 

Equations [17] and [18] are pressure-drop equations for the 
flow of ideal gases in straight horizontal pipes of uniform cross — 
section for adiabatic process with friction. 

Note that for k = 1, Equation [18] reduces to pw; = pyrs, and 
Equation [17] reduces to Equation [10], i.e., they reduce to the 
isothermal case. 

The temperature at the end of the pipe, obtained from the ideal _ 
gas law and Equation [18], is given by 


non 
@ 
The critical velocity for adiabatic flow is represented by the 
expression 


Numerical Example. The following example is presented in 
order to illustrate the use of the foregoing equations, as well as to — 
compare the results obtained for the isothermal, the adiabatic, , 
and the average density methods. 

A 16-in. sch 30 pipe 1600 ft long, is to handle 440,000 Ib per hr 
of vapor whose M = 48. The pipe-inlet conditions are P, = 
75 psia and 7, = 625 deg R; k = 1.2; viscosity = 0.01 cps. Esti- 
mate the total pressure drop in the line. \ 

Isothermal Solution 


MP, 
10737, 1073x656 


Friction loss, based on upstream conditions and the Fanning 
equation is equal to 28.8 psi = AP, 
AP, 288 
= = 0.384 
75 


5.594 x 10-7 XK (4.4 105)? 
D*P \p, 


15.25 X 75 X 0.536 


5.594 1077 = 0.0498 


Enter Fig. 14 at AP,/P; = 0.384 and go up to the curve that 
corresponds to 0.0498 and then horizontally to the left or right 
and read Cx = 1.670. Hence the corrected (actual) pressure 
drop 


AP = CysAP, = 1.670 X 28.8 = 48.2 psi 


Outlet pressure = 75 — 48 
Adiabatic Solution. Since charts are not available at present, 
a numerical approximation can be obtained directly from Equa- 
tions [17] and [18]. t 
Note that the right-hand member of Equation [17] is equal to 


Ps 
2 (22*) = 2 X 0.384 = 0.768 


.2 = 26.8 psia 


The coefficients of the left-hand member of Equation [17] are 
easily calculated since k is known and 


= 0.0498 
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KINETIC ENERGY CORRECTION 
eel FOR 

ss PRESSURE DROP 
FOR 
_!SOTHERMAL FLOW OF GASES 


tune 
iC * KINETIC ENERGY CORRECTION FACTOR 
> D = INTERNAL DIAMETER OF PIPE, INCHES 

P, = INLET PRESSURE, LBS./SQ, IN. ABS. 
OPes PRESSURE DROP IN LINE BASED 
ON INLET CONDITIONS (P,,A) 
HOP = CORRECTED PRESSURE DROP, LBS/SQ. IN. 
G,OPe 
LBS./HR. OF GAS 

INLET DENSITY, LBS./CU. FT. 
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CS 


+ ') G 
2k Pi 
For these values of the coefficients a value of p;/p,; = 2.62 provides 


a good approximation to the solution of Equation [17]. 
Substituting this value in Equation [18] one obtains 


0.0454 


Hy = 0.373 or P, = 0.373 X 75 = 28.0 psia = outlet pressure 


T, = 625 K 0.375 XK 2.62 = 610R 


AP = 75 
Using Equation [19] 
ry 
a drop of 15 deg in temperature -- 
Solution Based on Average Density in Line: 
Leads to a total pressure drop of 38.5 psi. 
The foregoing results show that the isothermal and adiabatic 
solutions are of the same order of magnitude, whereas the solu- 
tion based on the average density in the line is seen to be about 


25 per cent in error. | 

F. L. Maker.‘ The problems in disposal of discharge vapors 
from relief valves have increased in magnitude greatly within the 
past 15 or 20 years, in large part because of the development of 
catalytic-cracking plants, and polymerization and alkylation 
plants, and the attendant butane and butene separation columns. 
The cracking plants generate very large quantities of gases at 
relatively low pressures, and the large process quantities and 
large reflux ratios of the butane columns mean very large re- 
quirements for relief valves. Hence a simple computation shows 
that the volume of explosive mixture of vapor and air that might 
conceivably exist if a single cause, such as a cooling-water fail- 
ure, should cause a large number of relief valves to pop simulta- 
neously, results in a frighteningly large cloud. (A similar com- 
putation many years ago, before conservation measures were 
adopted, indicated the normal discharge of gas being vented into 
the air from the many natural gasoline plants ever Kettleman 
Hills was sufficient to make a cloud of explosive mixture */, mile 
thick, and that it would be unsafe for an airplane to fly over the 
field.) 

The authors compare “open” versus “closed’’ systems, give a 
suggestion for reducing the sizes of discharge lines if a closed 
system is used, and discuss test results of special modifications of 
safety valves to permit operation at higher back pressures, there- 
by permitting smaller discharge lines 

The authors quite evidently prefer what they call an open 
system, which involves discharging the vapors from relief valves 
at the highest practicable point in each plant. There is much to 
be said in favor of this practice, particularly where the mc'ecular 
weight of the gases is not large, and the quantities involved are 
individually not too great. In fact, even where a closed system 
may be used for some plants, it is not uncommon for them to have 


Discussion 


* Engineering Specialist, California Research and Development 
Company, San Francisco, Calif. Mem. ASME. 


fe 


many relief valves discharge directly and individually to the 
atmosphere. 

A discharge system leading gases from a number of relief valves 
to a central discharge point is most often chosen, when it is, be- 


cause of the magnitude of the possible discharge and the exces- __ 


sively large cloud of explosive vapor that may result, say, from a 
single cause such as failure of cooling water. A flare to ignite the 
vapors removes the hazard. This central discharge system and 
flare may also be favored because of the presence of poisonous _ 
hydrogen-sulphide components, which might be dangerous even 
when the concentration has reduced to less than the lower ex- 2 
plosive limit. (Incidentally, the use of the term closed system 


to indicate a system of leading the discharged vapors to a central — Y 


flare or disposal point is really a misnomer. There is a system 
that has been used that is really a closed system in which the | 
gases are led to a closed gasholder 
would appear to be a preferable term, even though the term 
closed system has attained a certain degree of usage. The 
chemical-absorption systems such as are used on HF alkylation 
plants are also really closed systems. ) 

It might be well to point out a few alternatives in the case of 
individual discharge arrangements for separate plants. If the — 


plant has a fired heater (or if there is one on an adjacent plant), _ é z 


one way to dispose of the gases is to lead the discharge pipes up to 
the top of the stack and turn them so the vapors will mix with the 
flue gases and be heated by them and be carried up along with 
the flue gases. If the vapors are hot enough, even if they havea 
specific gravity considerably greater than air, they will have to 
mix with enough air before they are sufficiently cool to settle to 
the ground that they will have necessarily passed out of the ex- 


plosive range. This system has been used in a number of installa- _ yaa 


Another possibility, if the discharge vapors are available at high 
enough pressure, is to discharge the vapors into injectors so de- _ 
signed that they will draw into the injectors a large enough quan- _ 
tity of air to insure a mixture below the lower explosive limit 
Computations indicate that this method is feasible for a discharge 


of butane vapor of the order of 100,000 Ib per hr without too | = al 
elaborate an installation, but discharge tothe top ofastackiscon- = 


sidered effective and cheaper. 


Multiple jets spread out over a large area also would serve the 


purpose. 
The reasons favoring a central discharge system are as follows: 


1 Very large vapor quantities. 

2 Low pressure at which gases are available. 

3 Possible poisonous contents, such as H,S. 

4 Possible liquid components in discharge streams. 


The last condition is frequently encountered in cracking plants 
where, in an emergency, dump valves, automatically or manually : 
controlled, dump the hot liquid contents of a vessel into a dis- — 


charge tank under the surface of water or into a type of jet con- _ $y : 


denser through which water is flowing. Such liquid streams that — 
will partly flash to vapor upon release of pressure should not, of 

course, be released at an elevation to be scattered over a large — 
area, 


the vapors (gasholder), absorbing them chemically (as in the case — 
of HF), condensing them (if condensable), burning them as in a 
flare, or discharging them at such a temperature that they will 
rise to a safe height. 


The usual method is to have a flare continuously burning to 


ignite the vapors. In some cases the size of the flame will be — 


enormous as the gas quantities may be at the rate of 5,000,000 
efh. The heat generated may destroy the burner installation, as 7 


“Central discharge system” _ 


A central discharge system either must have a method of storing cs : j 


\ 
\ \ \ 
— 
and 
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back pressure in a discharge pipe due to a second valve operating — a 
first makes the second valve open at less than ite set pressure. eo 
This appears to be safer than having the popping point raised, un- __ 

less there is considerable disparity of pressures. Tt has been 


it may be difficult to arrange to get an excess of air sufficient to 
keep the temperature of combustion within limits. 

An alternative method, instead of burning the gas in air, is to 
arrange to burn a stream of air in the gas. By proper construc- 
tion it is possible to supply enough air to heat the maas of flue gas 


and unburned vapor hot enough to rise to a height sufficient to in- 
sure safe diffusion before any heavy vapors can return to ground 
level. 

The authors suggest that where a central discharge system is 
used, it may be economical to design the vessels for a higher pres- 
sure than is required for process reasons because of the saving in 
cost of the discharge piping systems thereby made possible. To 
do this deliberately is an interesting suggestion, and the authors’ 
figures justify it for the cases discussed. They note that there 
may be only small extra costs involved in many cases where the 
thickness of the shell is fixed by the minimum-thickness criterion 
rather than by the process pressure. In this connection it may be 
noted that many designers have for vears followed the practice of 
designing vessels with heads and nozzles strong enough to develop 
the full strength of the shell, whether this is fixed by the minimum- 
thickness criterion or by extra material added for corrosion. 
Among other things, this permits making a hydrostatic test that 
will stress the shell joints adequately. Whether it is desirable to 
use the excess margin between process pressure and allowable re- 
lief-valve setting for obtaining extra back pressure in the dis- 
charge lines can be looked at from another point of view. It is 
usually considered more desirable not to have the relief valves pop 
at all, and usually there are one or more means provided to pre- 
vent this happening, such as automatic shutoffs for heat sources, 
dumping of liquid, and so forth. If there is a margin of pressure 
available, it should be considered whether the safety valve should 
not be set at the highest allowable pressure and permit these other 
safeguards to function. They do not rate officially as substitutes 
for relief valves, but actually may prevent the pressure rising to 
the relief-valve popping point. 

In regard to the provisions of the codes, the question of accumu- 
lation being limited to 10 per cent (or 20 per cent for fire exposure, 
in the 1950 ASME Code) has nothing to do with the sizing of the 
discharging piping, provided the relief valve is so constructed 
that its capacity is not reduced by the back pressure. Note that 
the “25 per cent discharge systems” are in the nonmandatory sec- 
tion of the 1950 ASME Code, and the 1943 API Code does not 
cover the discharge piping. It may be questioned whether there 
is any legal requirement for s discharge system to have a less back 
pressure than 10 per cent of the discharge pressure, providing this 
does not increase the accumulation above 10 per cent. 

What this means as to the construction of the relief valve is dis- 
cussed as follows: 

Relief valves used in petroleum plants have been developed 
largely by modification of steam safety valves. The authors’ 
Figs. 7(a) and 7(b) show what they term “nonvented bonnet” and 
“vented bonnet” arrangements. It should be remarked that the 
manufacturers’ standard practice has been to furnish relief valves 
in which the bonnet is not vented to the atmosphere but is vented 
to the discharge space, as in Fig. 7(a), unless the purchaser speci- 
fies differently. As the authors remark, the result of this arrange- 
ment is to insure that any back pressure, resulting either from the 
operation of the valve or of another valve on the same discharge 
line, causes an extra force acting on top of the disk, which is addi- 
tive to the spring p e, and tending to cause it to close, or in 
the case of back pressure from another valve, tending to prevent it 
opening at its set pressure. 

Venting the bonnet to atmosphere and plugging or omitting the 
conventional connection from bonnet space to discharge space re- 
sults, in general, in an uplift force on the disk, since the guide is 
generally larger in area than the seat circle. This means that 


4 


rumored that in one case low-pressure vessel connected to the 


same discharge pipe as the relief valve for a high-pressure vesse! 
was ruptured by the back pressure from the high-pressure valve, 
causing the low-pressure valve to lift and permit an excessive 
pressure to back into the weaker vessel. (Note that a check 


valve in the discharge line would prevent this happening.) In 
general, it may be economical not to connect discharge valves of 
markedly different pressures into the same line, as the line would | 
have to be designed for the combined capacities and the minimum 
back pressure, and separate lines may be cheaper. 

It is obviously desirable, if possible, to have a relief valve a e Sh 


which would have its operation unaffected by the back pressure in 
the line. Such a valve should not have its capacity reduced by a 
back pressure less than the critical flow pressure, or roughly, one 
half of the absolute pressure on the vessel at the time the valve is 
discharging. The authors state, “Since that time the valve 
manufacturers in co-operation with some of the oi! companies 
have been working on the development of a satisfactory back- 
pressure relief valve.” While this statement is true, to set the 
record straight it should be noted that this activity was initiated 
by the API Committee on Pressure Relieving Devices. This 
committee about 4 years ago found that there was uncertainty as 
to the actual discharge capacities of large valves, since there were 
no facilities for testing them to capacity, and also that the back- 
pressure effects noted by the authors existed. They communi- 
cated with the various manufacturers and, in a meeting at Tulsa, 
outlined these problems to the manufacturers’ representatives 
and suggested that they form a manufacturers’ subcommittee and 
see what they could do about it. In regard to the elimination of 
back-pressure effects, the writer submitted a memorandum dis- 
cussing the situation and pointing out that a balance piston of the 
same area as the seat should substantially eliminate these effects. 
The change in design is simple for most relief valves, and, in fact, 
existing valves can be altered readily. One manufacturer got on 
the boat quite early because, fortuitously, in some particular 
nozzle sizes it happened that the seat area and guide area came 
close to balancing. In the same memorandum the alternative of 
a bellows was also discussed. The use of a bellows was not new, 
there being in the record several expired patents showing them, 
although the purpose was to seal the valve against leakage. The 
balance piston arrangement is also probably not patentable either. 
For ordinary situations, the bellows method would appear to be 
more expensive and have no particular advantages. 

The authors’ Fig. 4, showing the effectiveness of means to pre- 
vent the back pressure of the discharge getting at the back of the 
disk and causing it to close, is very interesting. It would be of 
further interest to have included some test data on balanced disk 
valves without vented piston, such as is illustrated in Fig. 8 of the 
paper. It is believed the manufacturers of the particular valve 
shown have some data. 

It should be noted that the use of the bellows in itself should not 
influence the curve for pressure ratios that are greater than the 
critical ratio, whether or not the bellows are balanced. It 
is, as a matter of fact, somewhat difficult to understand how some 
of the curves in this region indicate capacities greater than the 
theoretical. Presumably this is due to the method of determining 
the basis. The authors state that they have plotted the ratio of 
discharge at any back-pressure ratio against discharge at zero back 
pressure, and this permits comparison with the theoretical dis- 
charge-nozzle curve. They do not state that the theoretical 
curve was based upon the measured diameter of the nozzle throat. 
They do state that the tested capacity was in all cases above the 
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rated capacity. The rated capacity, in turn, is based presumably 
on the nozzle size. It is not to be expected that the manufac- 
turer would intentionally understate the capacity of his valve, so 
this may indicate some variation in the test methods in the differ- 
ent tests, which is indeed noted in the paper. 

If the theoretical curve were based upon the theoretical nozzle, 
all of the test points would be expected to be below the unity line 
as the actual nozzles will necessarily have » discharge rate less 
than a theoretical nozzle. It is to be noted that both valves in 
Fig. 4, which come below the theoretical nozzle curve, were tested 
with steam and, presumably, saturated steam. Under these 
conditions the deviations from the gas law may be of importance. 
A check of the discharge ratio for a perfect rounded-entrance noz- 
zie, using the steam tables for determining the theoretical flow 
rate instead of the thermodynamic formula that assumes a con- 
stant value of the ratio of specific heats, might be of interest. 

It is possible that some of the difficulties with relief valves may 
be due to keeping the blowdown small. This is desirable for a 
boiler, which may be operated so close to its popping pressure that 
it may pop frequently. (Steam-locomotive safety valves fre- 
quently pop whenever the train halts.) For process-plant relief 
valves, which pop much less frequently, it may be questioned 
whether a low blowdown is of any value if it affects the capacity 
of the valve adversely from the standpoint of back pressure. 


H. F. Newman.’ Adaptation of Bosanquet-Pearson diffusion 
equation to the venting of refinery relief valves gives a designer 
something on which to “hang his hat,”’ as the authors put it. 
The old rules of thumb must make way for more exact expres- 
sions which correlate the variables. The use of the diffusion 
equations in the analysis of stack and vent performances is al- 
ready well established.* However, even with the equations of 
Sutton or Bosanquet, the practical man must still tax his best 
judgment to assign suitable numerical values to the variables in 
the equations and reflect on the general merit of the solution and 
his assumptions. 

In determining the height of a vent or stack by means of diffu- 
sion equations or Fig. 1 of the paper, the designers should keep in 
mind that a prevailing horizontal wind is usually assumed. This 
condition may or may not be realized depending not only upon 
the weather but also upon possible effects of adjacent structures 
on patterns of air flow. Where flammable materials are dis- 
charged from open relief-valve units, the designer should also be 
mindful of possible drift of vapors to elevated points which may 
cause ignition such as furnaces, hot stacks, flares, and so forth. 

The use of automatic admission of steam on relief-valve dis- 
charge vents would seem to invite considerable maintenance to 
make it as dependable as the relief valves. It should not be sub- 
stituted as an equivalent of a necessary increment of stack height. 
If large volumes of flammable vapors must be discharged and 
there is doubt about the ultimate safe disposal into the atmos- 
phere by means of a vent, the refiner should consider providing a 
flare system in order to burn the vapors safely at the disposal 
point. 

The authors suggest that economies can be realized through the 
smaller sizing of relief-valve discharge piping by increasing vesse! 
design pressure and setting the relief valves to open at pressures 
below the revised design pressures, in order to size discharge 
piping with greater pressure drop. 

Because of the relatively low pressure drops for which these 
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lines ordinarily must be sized, it is easily seen that increase in i 
missible pressure drop should realize savings in many cases. : 
However, it 1s declared in the paper that the proposed procedure 
can be followed without violating code limitations. Paragraph 
W-604 of the 1943 API-ASME Code states, “The size of outlet 
pipe shall be such that the pressure drop shall not be more than 10 
per cent of the permitted valve-discharge pressure.’ Until this 
paragraph of the API-ASME Code is revised to permit the prac as 
tice suggested by the authors, refiners may wish to proceed with _ 
caution if they are on a basis of conformance to this code for 
statutory reasons. It is our understanding that paragraph by 
W-604 in the proposed revised API-ASME Code, which is an 
released as yet, will be completely reworded and will probably | 
limit vesse) pressure instead of pressure drop in the discharge — a5 7 
piping from relief valves. ; 
We should like to inquire whether the authors have any data 
based on tests they may have conducted using conventional relief 
valves set to open below the design pressure and operating with 
the higher back pressures as proposed. It would be of interest to 
plot such data on a graph such as Fig. 4 of the paper. We vote 
that, according to Fig. 4, conventional valves are reported to be 
completely inoperative at P:/P, = 0.18. This indicates that 
conventional valves are quite susceptible to the effects of back 
pressure and tend to become closed as the back pressure - 
with respect to the upstream pressure. As is indicated by the ae 
authors, the extent of the effect depends upon the various forces _ 
acting upon the disk, such as the spring force, the back pressure 
acting upon the back of the disk as well as kinetic effects of the — 
flowing vapor upon the front and sides of the disk. Under flowing — 
conditions it is probably impossible to calculate with any assur- — 
ance the magnitudes of the dynamic effects of the vapors on the 
disk. Thus, although setting the relief valve below the design __ 
pressure in effect decreases the spring force upon the disk, it is a 
entirely clear that the conventional valve should then perform _ 
with capacity as computed for the back-pressure valves (right-_ 
hand curve in Fig. 4). Rather, one might also expect (in the 
absence of data to the contrary) that performance of est tol 
valves under the proposed conditions might fall anywhere betw yeen i 
the two curves now shown in Fig. 4. _ If this were true, it would : : 
course make the proposal to use conventional valves under higher _ 
back-pressure conditions unreliable. It is for this reason we 
would like to see test data to support this proposal. J 
Because of the dependency of the performance on the mecheni- = 
cal design of relief valves, it is suggested that designers obtain 
specific information from the manufacturers regarding the effects — 
of back pressure on the performance of the relief valves before _ 
attempting the proposed method. ; 
In further regard to the curve for conventional valves in Fig. 4 
we note that the 10 per cent rule on back pressure would not be 
safe for conventional relief valves used in the conventional manner 
on vessels having design pressures less than approximately 135 
psig. For example, for a vessel with design pressure of 100 psig, 
the maximum accumulated upstream pressure would be 124.7 
psia. The 1943 API-ASME Code would permit a back pressure 
of 11 psig or 24.7 psia. Hence, P:/P; equals 0.199, and according 
to Fig. 4, the valve should be inoperative. Since this is incon- 
sistent with current design practices and presumably experience 
with conventional relief valves, we should like to inquire about 
the types of valves and test conditions that were used to plot the 
curve for the conventional valves. 
Regarding the use of back-pressure relief valves with discharge 
piping systems sized for more than 10 per cent back pressure, we 
would be inclined to agree with the authors that development and 
testing should be continued so that eventually it will be possible 
to design with confidence to any back pressure. However, we 
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knowledge of relief valves and inability to predict flow conditions 
accurately for complex and extensive header systems, for general 
design purposes there is still a need to stay below the critical “50 
per cent” back pressure. In general, a figure such as 25 per cent 
would seem to be a suitable first step from the 10 per cent pressure- 
drop limitation which the API-ASME Code has at present. 

It is suggested that designs for higher back pressures be devel- 
oped in considerable detail with the relief-valve manufacturers, 
and that they be applied only when the designers can predict 
with good assurance all the essential variables of the system. 
Users of high back-pressure systems should perhaps get confirma- 
tion of relief-valve capacity, opening pressure and blowdown 
from the manufacturers, particularly if existing, older valves have 
to be substituted during the course of regular maintenance into 
new services involving higher back pressures. 


L. P. Srittaan.’? The writer's company is a manufacturer of 
safety relief valves. This discussion therefore, is necessarily con- 
fined to the ability of a safety relief valve to function under each 
of the disposal methods outlined. 

The valve in question is a spring-loaded valve, operating auto- 
matically and actuated by the pressure contained in the vessel 
upon which it is mounted. The sole purpose of this valve is to 
protect equipment and personnel from the presence of excessive 
overpressures, The paper clearly indicates, and it is of course 
logically understood, that all of the methods described therein 
must depend upon the ability of the safety relief valve to function 
as required by the disposal method chosen. 

If the first stated method of blowing the safety relief valves to 
the atmosphere is used, then no problem is presented to the 
manufacturer. Conventional valves of this type are designed to 
operate with a predetermined pressure differential across the 
valve. The constant back pressure supplied by the atmosphere 
readily satisfies this requirement. 

The second proposed design method, setting the safety relief 
valves on closed systems below the vessel design pressure, also 
satisfies the requirements of the conventional valve design. 
Since this valve maintains a predetermined differential pressure 
across the valve, method 2 will result in a fluctuation of the valve 
set pressure in direct relationship to the variation in back pres- 
sure. The opening point at any specific back pressure will be 
Ps = differential set pressure plus back pressure at valve outlet. 
The only undesirable result of this method will be a fluttering ac- 
tion in the valve until equilibrium is established between the flow 
from the valves and the resulting back pressure in the discharge 
header. When this equilibrium is established, the valves will 
deliver their rated capacity. It should be pointed out here that 
this fluttering action under some conditions may result in valve 
chatter which will damage the valve seating surfaces seriously. 

The use of safety relief valves which operate independently of 
back pressure, as outlined in the third method discussed, is, of 
course, an ideal solution to this problem, providing valves are 
available that will function properly under such a condition. 

The requirement that the safety relief valves operate inde- 
pendently of back pressure means that the valve must function as 
follows: 


1 Open at a predetermined set pressure regardless of the back 
pressure imposed upon it. 

2 Maintain full lift of the valve disk at all back-pressure levels, 
so that the valve capacity will follow the theoretical nozzle curve 
the authors have shown in Fig. 4. 

3 Close at not less than 90 per cent of the set pressure under 
any back-pressure condition. 


? Manager, Tulsa Products Division, Manning, Maxwell & Moore, 
Ine.. Otte. 


Of the three requirements for proper safety-relief-valve action 
hsted, the authors have shown in Fig. 4 only results which dem- 
onstrate the possibilities in flow characteristics. They have not 
attempted to include performance data on the additional require- 
ments of set pressure and blowdown. 

It is quite evident, after a complete analysis of extensive devel- 
opment tests covering a period of several years, that when this 
variable back-pressure condition is imposed, it is quite improbable 
that satisfactory or consistent valve action will be obtained with 
any possible design of a spring-loaded valve. These tests indicate 
further that the performance of a spring-loaded valve, regardless 
of its design features, is questionable when used against a variable 
back pressure higher than 25 per cent of the gage set pressure. 

The forces which are available to operate such a valve are con- 
flicting and variabie at different points in the back-pressure range, 
to the extent that proper or consistent operation of the safety 
relief valve cannot be accomplished without the use of auxiliary 
forces. An application of such auxiliary-force methods, which is 
consistent with the fundamental concept of safety that dictates 
the use of safety relief valves, has not yet been conceived, Thus, 
it would seem that the application of the third method proposed 
by the authors, as desirable as it certainly is, should await the 
development of a valve design that is truly and practically in- 
dependent of back pressure. 

The potential value of using the ideal third method outlined in 
the authors’ paper, when closed systems are chosen, is emphasized 
by the fact that development work to obtain a safety relief valve 
that will operate independently of back pressure is being con- 
tinued. By using a different approach to the problem, it is hoped 
that the successful development of such a valve will soon become 

CLosuRE 

The authors wish to express their appreciation to Messrs. 
Maker, Newman, and Stillman for the time and effort spent in 
reviewing and commenting on this paper. Not only have they 
contributed worth-while constructive criticism, but they also 
have offered additional information on the subject. As a matter 
of fact, their presentation, in the main, can be considered as 
representing an elaboration on the work and opinions of the 
authors. However, they have raised some points of difference 
that warrant consideration, and it is to these points that the 
authors wish to reply. 

Mr. Maker states that the authors evidently prefer an open 
system to a closed system. The authors did not intend to convey 
this idea but merely wished to call attention to the economic 
factors involved. There are certain instances where open 
systems are desirable and there are others where closed systems 
are required. From the relative costs of the open and the closed 
systems, it is evident that in some cases the additional money = 
that might be spent on a closed system could more logically be -. 
used to provide various means and devices for reducing the possi- x 
bility of a relief-valve pop and/or minimising the quantity os 
discharged. This would result in a safer and more economical * r 
over-all system. Mr. Maker points out that it is usually con- ee ; 
sidered more desirable not to have the relief valves pop at all, oe 
and thus favors setting the valves to open at the design pres- 
sure rather than maintaining a spread bet ween the design pressure 
and a lower set pressure. 
the relief-valve discharge system, to be in strict accordance witb = 
the Code, would be considerably larger and more expensive _ 
than that resulting from setting the valve below the design a 
pressure. It was the intention of the authors to indicate the 
approximate magnitude of this additional increment in cost. — - 
Thus the decision as to whether or not to enalatein a spread — 
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between the set pressure and the design pressure is again a 
problem of economics, i.e., a balance between the savings in 
discharge piping versus the operating advantage of having a 
higher set pressure. This operating advantage may not mate- 
rialize, since in many cases with a major upset condition, it 
is just as likely that the pressure will rise right up to the design 
P e as to a reduced set pressure 

Mr. Maker points out that for process-plant relief valves, 
blowdown is not as critical a factor as it is in the case of boilers. 
The authors heartily agree and feel that conventional blow- 
down requirements should be relaxed in order to increase ca- 
pacity under back pressure conditions. 

Mr. Newman is entirely correct in pointing out that Paragraph 
W-604 of the 1943 API-ASME Code limits the pressure drop in 
the relief-valve discharge system to 10 per cent of the valve 
discharge pressure. However, the purpose of this paragraph 
is to limit the vessel overpressure to 10 per cent of the design pres- 
sure. Therefore by setting the relief valve below the design 
pressure and taking additional pressure drop in the discharge line, 
but still limiting the overpressure to 10 per cent of the discharge 
pressure, the spirit of the Code has aot been violated. Further- 
more, revised editions of the ASME and API-ASME Codes, 
which have been in the making for several years, have eliminated 
the phrase referred to. Mr. Newman, in questioning the curve 
for the conventional valve in Fig. 4, has uncovered an error on 
the part of the authors. The data obtained for capacities under 
variable back-pressure conditions for conventional valves were 
meager and at relatively high set pressures. Consequently, when 
the data were plotted on the basis of absolute-pressure ratios, 
there did not appear to be much difference between the points 
representing different set pressures. However, if data had been 
obtained for a wide variation of set pressures, say, from 15 psig 
up, such data would form a family of curves on Fig. 4. How- 
ever, if the plot were based on the ratio of gage pressures, it 
would probably appear as ene curve. Mr. Newman questions 
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the capacity of a conventional relief valve when the set pressure 
is below the design pressure and a back pressure greater than 
10 per cent of the design pressure is permitted to build up. 
Although the authors have no data to substantiate their con- 
tention, it appears obvious that since the conventional relief 
valve recognizes only the differential, the capacity should be 
unaffected. Mr. Stillman in his discussion verifies this point. 

Mr. Stillman points out that the actual data included in the 
paper covered only capacity characteristics and did not include 
data on the effect of variable back pressure on blowdown and 
popping pressure. During the tests carried out some data were 
obtained on variation of blowdown and set pressure. These 
data were not included in the paper since the authors did not 
consider them sufficiently complete. However, qualitative 
discussion indicating the approximate effects of variable back 
pressure on these two characteristics were included in the paper. 
Furthermore, as Mr. Maker has pointed out, a small blowdown 
is not too critical in process-plant operations and may be sacri- 
ficed to increase capacity at high back pressure. 

The authors believe that Mr. Stillman’s and Mr. Newman's 
contention that back pressure be limited to 25 per cent of the 
set pressure does not take reasonable advantage of the new type 
of valve. In view of the data included in the paper, the authors 
wish to reaffirm their previous conclusion that with certain 
back-pressure valves, 50 per cent back pressure is a safe design 


As a concluding remark, it can be stated that those who dis- 
cussed this paper, as well as the authors, point to the necessity 
for additional testing. This testing under variable back-pressure 
conditions should involve both, the specially designed back- 
pressure valves and conventional valves. 
conditions resulting from setting a relief valve below design 
pressure, the latter should be tested not only for the usual 
10 per cent accumulation, but also with accumulations greater 
than 10 per cent. 
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The Mamba Engines in the Apollo 


By B. H. SLATTER,' PARKSIDE, COVENTRY, ENGLAND 


The installation and operation of Mamba propeller- 
turbine engines in a civil aeroplane, such as the “Apollo,” 
involved a number of new problems, some of which were 
fully brought to light only as a result of experience with 
the engines in the aircraft. The paper describes these 
problems and the steps which were taken to overcome them 
either in the design stage or, subsequently, as a result of 
flight experience. 


INTRODUCTION 


HE design of the Mamba power plant involved a number of 

problems peculiar to propeller-turbine engines, notably with 

regard to the control of the engine and propeller. It was 
necessary to consider not only the normal running of the engine 
but the engine requirements and effects on the aircraft during 
handling, stopping, and restarting in flight and following various 
possible types of power-plant failure. 

During the early flight testing of the Apollo, various defects 
came to light in connection with such matters as nacelle ventila- 
tion, engine starting, and performance. 

It is the purpose of this paper to describe the various problems 
connected with the Apollo engines which have been encountered 
and overcome either in the design stage or following experience 
in the aircraft. 

Brier Description or MamBa Power PLAants 


The Mamba engine embodies a 10-stage axial compressor, six 
vaporizing combustion chambers, and a two-stage turbine. The 
compressor and turbine rotors are directly connected together 
and revolve at a maximum speed of 15,000 rpm. 

The rotor system is coupled to the propeller through a com- 
pound epicyclic reduction gear having a ratio of 0.097: 1. 

The bare engine has a maximum diameter of 28 in. and weighs 
750 Ib. It was designed originally to provide 1000 shp and 300 
Ib of jet thrust at take-off. 

In building this engine into a power unit for the Apollo, the 
main aims were to keep the frontal area of the nacelle to a mini- 
mum, group all the engine accessories on the engine unit, and at 
the same time, provide good accessibility for maintenance. 

The way in which these features were achieved is shown in 
Figs. 1,2, and 3. Fig. 1 shows the engine fully cowled, the maxi- 
mum diameter of the cowling being 31 in. The nose cowling 
forms the oil tank with a capacity of 3*/, gal. 

Fig. 2 shows how the power plant is divided into three zones by 
fireproof .bulkheads. The engine fuel and oil systems, and the 
propeller governor and feathering pump are all located round the 
compressor casing in zone 1, and ready access to the accessories 
for servicing is provided by hinged and detachable cowlings 
fitted with toggle fasteners. 

A drive is taken from the engine accessories casing through 
‘i 1 Experimental Flight Engineer, Armstrong Siddeley Motors 

Contributed by the Aviation and Gas Turbine Power Divisions, 
Institute of the Aeronautical Sciences, and the Canadian Section of 
the Society of A ive Engi and presented at the Semi- 
Annual Meeting, Toronto, Ont., Can., June 11-15, 1951, of Tue 
American Society or Mecuanicat ENGINEERS. 

Nore: Stat ts and opini advanced in papers are to be 
understood as individual expressions of their authors and not those 


of the Society. Manuscript received at ASME Headquarters, 
March 2, 1951. Paper No 51—SA-14. 


zones | and 2 to a bevel box in the leading edge of the wing. 
Here, the drive is bifurcated and taken outward to subsidiary 
gearboxes carrying generators, cabin blowers, and hydraulic 
pumps. 


The power plant is readily detachable from the airframe by 
disconnection of the auxiliary drive shaft, fuel and electric 
services, and removal of four mounting bolts at the rear of zone 2. 


VENTILATION OF NACELLE 


It will be appreciated that the surface temperature at any part 
of the main components of a gas turbine must be quite close 
to the temperature of the air at that point inside the casing due 
to the large volume of air flowing through the engine and the rela- 
tively high velocity over the inside walls. It is futile, therefore, 
to attempt to cool the casing of the engine since the quantity of 
cooling air must be kept as small as possible in order to minimize 
drag. It should also be borne in mind that aero-engine fire-ex- 
tinguisher systems rely on filling the engine bay with a blanket 
of inert gas, and this method could not be effective with a large 
flow of air through the nacelle. 

However, it is necessary to insure that parts of the aircraft 
structure adjacent to the engine and such equipment as electrical 
components are not overheated, and ventilation is necessary for 
this purpose and to avoid the possibility of the formation of dan- 
gerous concentrations of fuel vapor. The rtment d 
the compressor containing engine accessories (zone 1) is not sub- 
ject to very high temperatures and no cooling difficulties arise. 

Zone 2 is provided with a flow of air to insulate the surrounding 
heat shield from the combustion chambers, Fig. 4. This flow of 
air was originally brought from a forward-facing scoop in the slip- 
stream but trouble was experienced with high temperatures out- 
side the heat shield. This trouble was due to the pressurizing 
of the space inside the heat shield A, by the Pitot entry, causing 
leakage of hot air into the outer space B. It was overcome by 
feeding the air to zone A from zone B, the air being extracted 
from the combustion-chamber zone by means of a rearward- 
facing louver. This arrangement insures that any leakage at 
the heat shield is from the cooler zone into the hotter zone and 
thus gives no trouble. 


Srartina 


To start the engine it is necessary to motor the rotor (and the 
propeller, since it is always geared to the rotor) up to a speed 
from which the engine will pull away under its own power. This 
speed is about 25 per cent of the maximum rpm, and an electric 
motor, operating from a 24-volt supply and developing a peak 
power of 8 hp, is employed, the starting cycle having a duration 
of 30 sec. 

At first, some trouble was encountered with starting the engines 
in the aircraft, the starter motors sometimes failing to accelerate 
the engines to their self-sustaining speed. The reason for this 
was that the power requirement represents just about the limit 
of what can be obtained economically from 24-volt batteries when 
allowance has been made for voltage drop in cables and connec- 
tions. Satisfactory starting was not possible unless the batteries 
were in really good condition and fully charged, and considerable 
care was taken to insure low-resistance connections throughout. 

Satisfactory results were obtained by using either a rectifier, 
operating from mains supply, or a battery truck incorporating an 
18-kw qnecline-driven 
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The starting problem emphasizes the fact that turbine engines 
require higher-capacity ground starting facilities for trouble-free 
operation than is necessary with piston engines. It probably 
will prove advantageous to employ higher-voltage starting sys- 
tems in the future in order to minimize the weight of cables and 
connections. 


CONTROLS 


In considering the manner in which an engine of the Mamba 
type should be controlled, it was necessary to decide first of all 
what proportion of the total power output should be given to the 
propeller, the remainder appearing in the exhaust jet. 

Calculations, since verified by tests, showed that for air speeds 
up to 350 mph, the maximum thrust horsepower would be ob- 
tained by converting about 85 per cent of the available power into 
shaft horsepower for the propeller. Theoretically, a small advan- 
tage would be obtained by varying this percentage with forward 
speed by means of a variable propelling nozzle, but, in practice, 
the additional weight and complication would not be justified. 

Unlike a jet engine with fixed propelling nozzle, the rate of fuel 
feed to a propeller turbine and the speed at which it runs are not 
fixed automatically by the characteristics of the engine. There 
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are many possible ways in which the engine could be controlled 
but it was decided to govern speed by means of the propeller, as 
in piston-engine practice, and the power by scheduling the fuel 
supply. This arrangement appeared to be as promising as any 
other possible system and possessed the advantage that the main 
components required, namely, a propeller speed goverhor and an 
automatic fuel-metering control as used on jet engines, were al- 
ready available so that the amount of development work re- 
quired could be kept to a minimum. 

As the speed and power of the engine are independent, it was 
next necessary to choose the relationship between these two 
variables. Fig. 5 indicates diagrammatically the limitations within 
which this choice may be made. It will be seen that the power /- 
speed characteristics of a turbine are considerably less flexible 
than those of a piston engine. In the lower part of the speed 
range, the power capabilities of the engine are limited either by 
the maximum temperature which the turbine materials will with- _ 
stand, or by the possibility of overloading the compressor which 
results in a breakdown of the aerodynamic flow or “surge.” 
Thus the area A in Fig. 5 cannot be used. 
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In the remaining area B, a working line was chosen which en- 
abled the engine to develop any given power with the minimum 
fuel consumption. In practice it was found necessary to shift 
this ideal working line slightly to the right, as shown by the broken 
line, to avoid encroaching into the area A when suddenly opening 
the throttle at low power. 
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Since the speed of the engine is governed by a variable-pitch 
propeller, it is quite simple to arrange for the engine speed to re- 
main in the range shown by the working line in flight even when 
the engine power is reduced to zero. 

On the ground, however, it is desirable that the engine idling 
speed should be lower to avoid excessive idling thrust and keep 
fuel consumption low. The ground idling speed (approximately 
one half the maximum rpm) is shown in Fig. 5, and this speed 
corresponds to the fuel flow which provides satisfactory engine 
starting. 

It should be noted that between the ground and flight idling 
speeds, it is possible to overfuel the engine if the throttle is 
opened too rapidly, causing the operating point to move into the 
area A. This caused some trouble during ground handling of the 
engines in the Apollo, but the introduction of a temperature con- 
trol, which is dealt with later, provides a satisfactory remedy. 

It will be seen that there is no need to provide the pilot with 
separate control of speed and power and that, in fact, this would 
be unacceptable since there would be nothing to prevent him 
from selecting an impossible power at low speed with consequent 
damage to the engine by overheating. 

Thus, to achieve the desired relationship between power and 
speed, the control lever of the fuel-metering unit and the pro- 
peller-governor control lever are both connected to the pilot’s 
throttle. The connection to the propeller governor is made 
through a servo system which, in effect, enables the governor to 
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anticipate the change in power which is being made when the 
throttle is moved, thus permitting the rapid and smooth changes 
in power which an sero engine is required to provide. 

The high-pressure cock in the engine fuel system is connected 
to a separate lever in the cockpit, this lever also being linked to 
the feathering override on the propeller governor. Thus, if this 
lever is operated in flight, the fuel supply is cut off, and the pro- 
peller control overridden to select coarse pitch simultaneously. 
The use of mechanical linkages for this control rather than, for 
example, electrical actuation, is considered desirable because it is 
most important that the control should function in an emergency 
such as an engine fire in flight. 


Temperature Conrrou 


It has been explained in the previous section that the tempera- 
ture at which the engine operates for a given throttle setting is 
controlled by a fuel-metering unit. This is a scheduled control; 
that is, it is designed to pass a quantity of fuel which is estimated 
to be the engine requirement for a given set of operating condi- 
tions. 

Bear.oz in mind that the engine fuel requirement varies with 
throttle siting, air-intake pressure and temperature, it will be 
realize! (hat a very sensitive and accurate control would be re- 
quired to «chieve the accuracy of temperature control desired at 
or near full power when the engine is operating close to the maxi- 
mum allowable temperature. 

Furthermore, the Mamba jet pipe temperature changes about 
3 C for every 1 C deviation in ambient-air temperature 
from standard. Thus, although the standard variation in am- 
bient temperature with altitude can be allowed for in the design 
of the fuel-metering control, some form of temperature-sensitive 
control is necessary to allow for the rise in operating temperature 
which otherwise would occur on a hot day or in the tropics. 

To meet these difficulties, the development of a fuel-metering 
control, sensitive to jet pipe temperature, was undertaken. 
This unit comprises an electrical amplifier fed with signals from 
thermocouples in the jet pipe and from a temperature selector 
linked with the throttle. Tbe output of the amplifier controls 
a fuel valve. 

Although a magnetic amplifier was chosen, rather than the con- 
ventional type of amplifier, in the interests of reliability, it is not 
desirable to rely entirely on a somewhat complicated electric 
system for the control of the engine. Consequently the tem- 
perature-control function is limited to about 30 per cent of the 
total fuel flow so that it acts as an accurate trimmer of the operat- 
ing temperature, but any failure of the temperature control could 
not have a catastrophic effect on the power of the engine. 

Apart from providing greater accuracy and consistency of jet 
pipe temperature than would be possible with any form of 
scheduled control, the temperature contro! also performs the very 
useful function of avoiding overfueling the engine, by opening 
the throttle rapidly at low rpm on the ground, for example. 


It does this by reducing the fuel supply to the engine immediately _ 


value, and in this way provides a safeguard against maltreatment. — 


Tue 


The propellers on the Apollo engines are essentially conven- 
tional hydraulically operated variable-pitch propellers, capable 


of fully feathering and reverse-pitch braking if required. 


However, as the ground idling speed of the engine is just over 
50 per cent of the maximum speed, and the engine is notcapable of = 


producing much power at this speed, it is necessary for the 
constant speeding range wo be extended down to much finer pitch 
than is normal with piston engines. Apart from considerations 
of engine power limitations, this is necessary in order to keep the 
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and to avoid excessive 
thrust for taxiing. Accordingly, the basic pitch stop of the 
Apollo propellers is set at 6 deg. 

The ability of the propeller to operate at very fine pitch pro- 
duces a difficulty when the possibility of failure of the propeller 
governor is considered. Following such a failure, the pro- 
peller blades would move to fully fine pitch under the influence of 
the centrifugal twisting moment and cause an intolerable amount 
of drag. To prevent this possibility a withdrawable pitch stop was 
developed set at 26 deg. This stop is withdrawn by oi! pressure 
when a solenoid on the governor is energized and automatic 
operation of the solenoid is provided by a switch fitted to the 
undercarriage oleo system. This switch is arranged so that the 
pitch stop is withdrawn only when the aircraft is on the ground 
and the oleos are compressed due to the weight on the under- 
carriage. 

The withdrawable pitch stop provides safety against any failure 
of the propeller-pitch-control system at all air speeds up to about 
180 mph and enables the engine to continue developing reduced 
power until this air speed is reached. This covers the range of 
speed in which control of the aircraft otherwise might prove im- 
possible should the failure occur on an outboard engine. The 
only remaining danger is the possibility of overspeeding the 
engine in the event of the propeller moving to fine pitch at high 
air speeds in excess of 300 mph. The danger of overspeeding 
is considerably reduced compared with a piston engine owing to 
the high motoring power which a turbine engine will absorb and 
the presence of an overspeed governor in tho fuel system which 
cuts off the engine fuel supply when the engine overspeeds by 
more than 5 per cent. 

However, a later development to provide a complete safeguard 
against propeller control failure at high air speed is a device ar- 
ranged to lock the pitch of the blades wherever it happens to be 
at the instant the failure occurs. 


Sareauarps Event or Enaine-Power FatLure 


The power required to motor a turbine engine is very much 
greater than for a piston engine; jn the case of the Mamba, the 
power which it absorbs at full rpm is 75 per cent of the take-off 
power. Consequently, the drag which the propeller would pro- 
duce if the engine were allowed to windmill after a power failure 
would be correspondingly high. For this reason it was particu- 
larly desirable to provide some form of automatic feathering, 
especially during take-off. 

The engine embodies a torque meter which operates by measur- 
ing the torque reaction on the stationary internal gear in the epi- 
cyclic reduction gear between the engine and the propeller, A 
awitch is fitted to this mechanism in such a way that if the pro- 
peller attempts to feed more than 50 hp back into the engine, a 
circuit is closed which overrides the propeller governor to coarsen 
the propeller pitch. 

Thus a complete power failure results in the propeller coarsen- 
ing pitch automatically and, unless the power is restored imme- 
diately, the propeller continues to feather until the drag is neg- 
ligible. 

The “reverse-torque” switch, as it is called, serves another 
very useful function in connection with restarting an engine in 
flight, which is dealt with later. 

Incidentally, the control arrangements and safety devices 
which have been described were all tested in flight on a Mamba 
engine installed in the nose of a Lancaster flying test bed before 
the Apollo flew. By this means, it was possible not only to carry 
out general flight development of the Mamba but to prove the 
efficiency of, the various safety devices following simulated en- 
gine or propeller control failures, without prejudicing the 
safety of the aircraft. 
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RESTARTING IN FLiGuT 


In some ways the propeller-turbine engine is easier to start 


quickly in flight than a pure jet engine because of the fact that 
the propeller can be used to accelerate the engine rapidly. In 


effect, it is only necessary to unfeather the propeller with fuel and 


ignition turned on to achieve effective and rapid starting. There _ 


are, however, two features in connection with restarting which _ 
are worthy of mention. ; 
Owing to the relatively high effective inertia of a turbine en- 


gine, rapid unfeathering could result in a momentary but consid- a =F 


erable amount of drag while the propeller feeds power into the | 
engine to accelerate it. Furthermore, should the combustion 


chambers fail to light, the drag would remain due to the propeller 


continuing to windmill the engine at high speed. Although the — 


drag involved would not be catastrophic, its effects might beem- __ ; 


barrassing, particularly when considering an outboard engine. _ 
However, the “reverse-torque” switch, previously described, _ 


deals with restarting admirably without further complication. __ 


In effect, it controls the rate of unfeathering of the propeller, pre- 
venting more than 50 hp being fed into the engine, and automati-— 
cally arrests unfeathering while the propeller pitch is still quite _ 
coarse, unless the combustion chambers light and the engine _ 
begins to develop power. 

Some trouble with restarting was experienced during the early — 
flights of the Apollo, the combustion chambers sometimes failing — 
to light. The Mamba embodies vaporizing combustion cham- _ 
bers, and ignition is effected by means of torch igniters and spray _ 
jets which direct flame into the vaporizing tubes to heat them 
quickly during the early part of the starting cycle. To make the | 
ignition circuit switch off automatically, which is desirable to 
simplify starting procedure and obviate the possibility of the ig- 
niters operating for a long period which might result in overheat- 
ing the vaporizing tubes, arrangements were made originally for 
the ignition circuit to be cut when the engine reached 5000 rpm. 

During a restart in flight, it was found that the engine speed 
reached 5000 rpm in about 3 sec which was barely sufficient to 
establish steady combustion. The cure for this trouble was 
simple and completely effective, a time switch being fitted to con- 
trol the ignition cycie in place of the engine-speed basis pre- 
viously employed. By this means, the time the: igniters are 
operating was made independent of the rate of unfeathering of 
the propeller. 


PERFORMANCE OF ENGINE 


The Mamba was originally designed to produce 1000 shp but | Ss 


the predicted power and fuel consumption were not obtained on 
test. It was found that the efficiencies of the two major compo- 
nents, the compressor and turbine, were lower than had been 
anticipated, largely because of the relatively small aspect ratio of | 
the blading. 

The design top speed for the engine was 14,500 rpm, but rig 


tests showed that the performance of the compressor based upon ep 2 


a maximum speed of 15,000 rpm would be satisfactory. By — 
making use of this speed increase and other developments, the — 
take-off power of the engine was raised to the design figure on the — 
test bed, although the specific fuel consumption remained higher — : 
than predicted, especially at altitude. 

These developments had the effect of increasing the gas ve-— 
locity in the jet pipe, thereby increasing losses and the propor- = 
tion of the total power left in the jet. 

To counter these deficiencies, the aspect ratio of the blading» 
was increased, with resulting increases in air throughput and — 
power output of 25 per cent. 
velopment and performance testing of this 1250-hp Mamba was 
carried out in a Dakota aircraft fitted with these engines, Fig. 6, ‘ 
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and a marked improvement in performance, handling character- 
istics, and serviceability was established. 

When these engines are installed in the Apollo, the jet pipe di- 
ameters will be increased up to the maximum size permitted by 
the wing spars in order to revert as far as possible to the intended 
distribution of power output between the propeller and the jet. 

Anti-Icina 

Various methods of insuring reliable engine operation under 
icing conditions have been considered, and the use of a methanol 
spray in the engine intake has been chosen for the Apollo. 

A single spray jet is fixed to the periphery of the propeller spinner 
so that the methanol is distributed around the annular intake, 
the rate of flow required being from 10 to 40 Ib per hr depending 
upon the severity of the icing conditions. Ice formation cannot 
occur on the leading edge of the engine cowling as the nose cowl 
forms the oil tank and, therefore, is kept warm. 

Testing of the methanol anti-icing system has been carried out 
on the ground in Canada, and in flight, using artificial icing con- 
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ditions obtained by means of a water spray mounted in front of 
the engine. Fig. 7 is a view taken in flight of a Mamba engine 
running under artificial icing conditions, this particular engine not 
embodying the oil tank in the nose cowl, 

It is interesting to note that, although it was originally feared 
that the small and relatively fragile blades of the Mamba com- 
pressor might be particularly susceptible te damage by ice, the 
engine has, in fact, suffered no damage under natural or artificial 
icing conditions in flight even when no anti-icing protection has 
been ided. 

CONCLUSION 


Although an engme may reach a satisfactory state of develop- 
ment on the test bed, there remain problems associated with its 
inclusion in a suitable power plant for application to an aircraft 
and with its operation in flight. 

This paper has described these problems with reference to the 
Mamba engines in the Apollo and the manner in which they have 
been overcome, and it is hoped that the experience gained may 
be of interest. 
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Discussion 


W. M. Hawers, Jn* The author’s summary of problems 
encountered with the Mamba engine in a transport airplane has 
been most thorough. We have not had the problem of actually 
installing a turbopropeller engine at the writer’s company, but we 
have spent considerable time in the study of turbine-propeller 
transports and have been aware of many of the problems which 
were encountered and solved with the Apollo airplane. 

The items covered in the paper with which we are in general 
agreement are as follows: 

1 The torquemeters which appear to be desirable and are 
recommended by the author should be installed in any turbine 
propeller engine. We feel that the Apollo experience emphasizes 
this fact, and we urge that the development of other turbine-pro- 
peller engines incorporate this device. 


? Division Engineer, Preliminary Design, Lockheed Aircraft Cor- 
poration, Burbank, Calif 
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2 The ree temperature control with an amplifier has al- 
ways appeared to us to be a relatively dangerous device if it fully 
comtrols the engine. Thus the approach which was used with the 
Mamba, in which the temperature override only controls a small 
portion of the fuel flow, appears to be a very desirable solution. 
It is, of course, hoped that someday engines with broader char- 
acteristics may be obtained where this kind of control will not be 
necessary 

3 The installation of the oil tank in the nose appears to be a 
most ingenious solution for the nose anti-icing. We should be 
most interested to follow this development and determine whether 
or not this installation had any detrimental effect, such as over- 
cooling of che oil and whether it actually would suffice as an anti- 
icing device for the lip. . 

4 The use of a multiple propeller-blade angle stop appears to 
us to be an awkward solution and we heartily agree with the sug- 
gestion that a propeller control be installed in which the propeller 
remains at a fixed angle whenever the governor fails. We should 
like to recommend that in this kind of a system the propeller 
actually be manually controllable from its fixed angle after a 
governor failure. Thus the pilot or flight engineer could main- 
tain a semblance of normal operation on an engine without the 
governor, 

5 The recommendation that automatic feathering be installed 
in the airplane appears to be well founded, and the torquemeter 
solution for this installation appears to be a very usable and 
simple system. 


Certain items in the paper led to questions on our part, and the 
writer will list these only to bring them to the attention of those 
who are developing turbine-propeller engines so that more effort 
may be spent in their solution. 


1 Although this is repetition, we should certainly like to em- 
phasize that a propeller control should be such that it automati- 
caily goes into manual control with the propeller at the last blade 
setting prior to governor failure. In the failure of a governor, the 
multiple stop system to control overspeeding appears to be awk- 
ward and undesirable. 

2 The starting of turbine engines should not remain as diffi- 
cult as at present, requiring extremely high-powered starters. 
For an engine the size of the Mamba, this was not an insur- 
mountable problem. For larger and larger turbine engines, how- 
ever, it is a serious consideration for the airline operator, and any- 
thing that can be done in the basic concept of the engine to ease 
this problem should be done. 

3 The ability of the turbine propeller to be used as a reverse- 
thrust device is highly important, and no mention was made of 
any development program to work out the bugs of this system in 
the Apollo airplane. We presume, of course, that such is being 
done and we are interested in following the progress of this work. 

4 In some of our studies it appeared desirable to operate a 
multiple-engine turbine airplane with some of the engines shut 
down. This would appear to be completely feasible from a start- 
ing standpoint and from a drag standpoint. However, the icing 
problem if such holding has to be done in inclement weather 
might be extremely severe and, therefore, the aleohol system of 
anti-icing might have its drawbacks. Furthermore, the use of 
alcohol always implies a design decision as to how long the anti- 
icing problem will exist in order that the capacity of the system 
may be determined. It appears more logical to us that a hot-air 
system, supplied by all of the engines in combination, would be a 
more desirable anti-icing system since it could be used for pro- 
longed periods of time, and since it could be used for anti-icing a 
dead engine. The nose oi] tank must be vulnerable to congealing 
with a dead engine and some sort of heat source should be availa- 
ble to prevent this. 


5 The heat shield snd vent system described in the Apollo in- 
stallation gives rise to the question of whether it would not have 
been more desirable to reduce the ventilation to very nearly zero 
by the use of a stainless-steel structure in this area. This would | 
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have given better fire protection, since the heat-resistant material z 


would have been heavier, and the fire control would have been im- _ 
proved since less air flow would be passing through the area where | 
a fire was being snuffed out. Along the same line, no mention — 


was made of the fire-protection means for the relatively long tail _ 


pipe which must be adjacent to important wing structure. It — 
would be interesting to know what measures were taken for heat 
insulation and fire protection in this area. 


In summary, it would appear that the author has been doing — 


very worth while development work in an entirely new field, and 


he should be commended on his apparent efforts to solve each of 


the complicated problems in a straightforward and simple fashion 


Airline transport today suffers not from the advanced perform- _ 


ance and the high speeds which are being achieved, but from the 
complications which go to added passenger comfort and to the 
extremely precise controls which are being developed to improve — 
flight safety. The more work that is done to determine the sim- 
plest possible solutions to our new problems rather than the in- — 


stallation of more and more gadgets, the better off the airline ie 


operator will be from an economy, regularity, and performance — 
standpoint. 


C. F. Woop.* Although the writer has had no actual experi- — 
ence with the building and operation of the turboprop engine, he 


has been associated with a study of the controls fora somewhat = 


larger engine than the Mamba. 

It is of interest to note that this study indicated the same gen- — 
eral approach to the engine-control combination as was developed 
during the actual testing of the Mamba. A good many other 


studies have been made where a different type of control arrange-— 

ment was recommended. However, the simplicity of the Arm-_ a: 

strong Siddeley approach to the problem is certainly to be highly 4 - 


recommended and should be applicable to nearly 
engines. 

There is, however, a considerable difference in the approach to 
automatic controls between the United States and England. 
The English approach is exemplified by the development of = 
control system for the Mamba engine. The first flight testing on — 
this engine was conducted with a relatively simple control and ‘ 
then, as the testing progressed, refinements of a more complicated ; 
nature were added. In the United States the course of develop- . 
ment usually follows a somewhet different pattern. 


all turboprop 


of the development. The solution is then obtained by a frontal a 
attack on the entire problem. a 
In addition, there seems to be some difference between the two - 
countries in the requirements placed on any control system. The ‘te 
difference is concerned chiefly on the responsibility placed on the 
pilot for the safety of the engine. The attitude taken in the United — 
States is that the pilot should not have to be responsible in any — 


manner for the safety of the engine during any normal flight op- or 


eration. It is up to the control system to protect the engine al- 
most without regard to the manner in which the power-control Ns: 
levers are operated. This attitude results in a somewhat more 


complex control system, but on the other hand, leaves the pilot _ 


more freedom of operation and allows his attention to be concen- 
trated more directly on the business of flying the airplane. 


This writer does not wish to try to evaluate the quality of _ 
either of these approaches but merely to point out the difference. e. 


* Senior Engineer, Control Development Activity, Aviation Gas 
Turbine Division, Westinghouse Electric Corporation, Lester, Pa. — 
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statement of the entire control problem is made at the beginning ie 


| 
i ‘ 


bas 


8 SLATTER—THE MAMBA ENGINES IN THE APOLLO AIRC RAFT 


It must be said that there are many arguments in favor of both 
approaches. Actiisily, it now appears that both countries are 
moving toward a 1oiddle ground in their approach to the problem 
of controlling aviation gas-turbine engines. 

A study of the flight testing of the Allison XT-40 turboprop 
engines in the U.S. Navy XP5Y-1‘ described a number of opera- 
tional difficulties. Practically every one of these is discussed in 
the present paper and its solution given. 

One of the more serious problems encountered during the early 
flight experience with the Allison engine was that of asymmetric 
thrust. This asymmetry was the result of a mismatch between 
the contro] settings on the two outboard engines. It is appar- 
ently quite difficult to hold the proper control settings when the 
engines are operating at low power at low-flight speed. What 
happened was that the controls were set so that one engine was 
windmilling, while the other was producing power. Because of 
the low air speed, the windmilling propeller went to very flat pitch 
with correspondingly high drag. The difference between the 
operation of the two engines caused not only a large asymmetric 
thrust, but also a large rolling moment toward the windmilling 
engine. This difficulty was avoided on the Mamba by the use of 
two limiting devices, namely, a low-pitch stop, and a reverse- 
torque limit. The low-pitch stop is being installed on the XT-40, 
while the use of a reverse-torque limiting device is being con- 
sidered. 

Attention should be drawn to type of flying test bed used by 
Armstrong Siddeley for the testing of the Mamba. The use of a 
well developed airframe such as the Lancaster is eminently suita- 
ble. In this manner it is possible to avoid the problems sur- 
rounding the early flying of any new airframe. Since the air- 
frame itself is not under test, all attention may be turned to 
studying the operation of the power plant. Any difficulties with 
its operation are immediately apparent, whereas with an untried 
airframe it is sometimes troublesome to distinguish between the 
operational difficulties due to the pov.er plant and those due to the 
airframe. 


‘Flight Experience With Turbine Propeller-Powered Aircraft,” 
by R. C. Loomis and E. D. Shannon, SAF Preprint No. 616. 


It should be pointed out that while the Lancaster ‘Seite 
makes an excellent flying test bed for a turboprop engine such as 
the Mamba, the Lancaster's effectiveness as a test bed for turbo- 
jet engines is limited. A flying test bed for a turbojet engine _ 
shouid be capable of flying to considerably higher altitudes and 
speeds than are available with the Lancaster. However, the | 
excellence of the Armstrong Siddeley approach to the flight testing __ 
of the Mamba engine is adequately demonstrated by the results, | 


CLOSURE 


The suggestion made by Mr. Hawkins that control of the _ 
propeller should be possible manually following governor failure NG, 
is interesting and almost certainly involves the adoption of an ‘ 
electrically operated propeller. The only objection to this ar- 
rangement is that the manual override itself would presumably 
be liable to failure to about the same extent as the governor, in 
which case there would be no over-all increase in safety. 

The author agrees with his remarks concerning starting turbine 
engines and advocates the use of higher-voltage starters. 

The adoption of reversing propellers on the Mamba involves 
no modifications to the engine itself but makes the propeller 
controls rather more complicated. Tests have been carried out 
with satisfactory results. 

Various anti-icing systems have been studied and some of them 
tested. Anti-icing by means of hot air was found to cause an 
excessive loss of performance. No trouble with congealing of oil 
in the nose oi] tank has been experienced or is anticipated due to 
the use of a relatively low-viscosity lubricant. 

Regarding ventilation of the engine nacelles, in the case of the 
Apollo, stainless-steel heat shields are employed round the 
combustion chambers and jet pipe to insure the maximum safety. 

In answer to Mr. Wood's discussion, it is true that the initial 
flight tests of the Mamba were carried out withodt some of 
the control-system refinements fitted, but the whole concept of the 
system had already been worked out and no basic changes have 
been found necessary in the course of development. 

The author would like to correct the impression that he is 
satisfied to leave the safety of an aero engine in the hands of 
the pilot. Control systems should be arranged so that no dam- 
age can be caused to the engine by any reasonable manipulation 


of the control levers. 
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The theory, development, and calibration of an electro- 
optical sodium-line reversal pyrometer are given. This 
pyrometer instantaneously and continuously determines 
and indicates the black-body ‘temperature of a non- 
luminous flame made luminous at the sodium wave 
length by the addition of sodium. Typical data obtained 
on a spark-ignition engine are presented and compared 
with data obtained by previous investigators. A correla- 
tion of these data with combustion-chamber design indi- 
cates the possible existence of a high temperature in the 
flame front. 


HE University of Wisconsin has had a long and continued 

interest in obtaining a better understanding of the funda- 

mental processes occurring during combustion in an inter- 
nal-combustion engine. Wilson, Rose, et al, (1, 2, 3)* were 
early pioneers in the field of combustion in a compression-ignition 
engine. Uyehara, Myers, et al, (4, 5, 6, 7) developed an electro- 
optical pyrometer capable of following and recording flame tem- 
peratures during the combustion process in the compression- 
ignition engine and used this and other instruments to make ad- 
ditional studies. It is logical that this interest in the mysteries of 
combustion be extended to cover the field of combustion in a 
spark-ignition engine. Hence this paper deals with an instru- 
ment capable of measuring and recording flame temperatures in a 
spark-ignition engine. The information on this instrument is pre- 
sented at this time with the hope that it may be of interest to 
workers in other fields, and with the expectation that constructive 
criticism of the ideas presented and the techniques used may prove 
of benefit when undertaking proposed spark-ignition combustion 
studies. 

As was pointed out previously (4), instantaneous and con- 
tinuous temperature measurements in an internal-combustion en- 
gine are difficult to achieve but are of fundamental importance in 
any combustion study. The electro-optical pyrometer (4) pro- 
vides instantaneous and continuous temperature data for a 
juminous flame but is inoperative on nonluminous gases such as 
exist during the compression stroke in both the compression- and 
spark-ignition engine and during normal! combustion in the spark- 
ignition engine. 

The sodium-line reversal technique developed by Kurlbaum 
(8) and Fery (9) has achieved general acceptance as a means of 
measuring the temperatures of nonluminous gases, although it 
has not entirely escaped criticism (10). Adaptations of the Kurl- 
baum-Fery technique by Hershey and Paton (11), Lloyd-Evans 
and Watts (12), and Rassweiler and Withrow (13) have enabled 
. 1 Lecturer, College of Engineering, Farouk I University, Alexandria, 

College of Engineering, University of Wisconsin, Madison, Wis., 
Maen. ASME. 
* College of Engineering, University of Wisconsin. Jun. ASME. 
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point-by-point measurements to be made during the combustion 
processes in the spark-ignition engine. The data obtained in 
these investigations were the average values over a large number 
of cycles of questionable reproducibility. This reproducibility 
was even more questionable in the cases where it was necessary to 
stop the engine between the recording of the data for individual 
points. Furthermore, the experimental data represented a time 
average as well as a cyclic average since the stroboscopic shutter, 
of necessity, remained open for periods of as much as 18 deg of 
crank rotation. Nevertheless, the measurements were 

in nature and shielded valuable and interesting data on the com- 
bustion processes in the spark-ignition engine. 

Since the sodium-line reversal method had achieved general 
acceptance as a means of determining the temperature of non- 
luminous gases, and since it had been successfully applied to 
point-by-point temperature measurements, it seemed logical to 
use the fundamental techniques of this method as the basis for 
developing an instantaneous and continuous temperature in- 
dicator for nonluminous flames. It is believed that the data ob- 
tained with this instrument will be valuable in combustion 
studies of the spark-ignition engine as well as in any other fields 
where the temperatures of nonluminous gases are rapidly varying 
and temperature measurements are 


Tue Evecrro-OpricaL Reversal PYromeTer 


The basic techniques of the method devised by Kurlbaum (8) 
and Fery (9) are illustrated in Fig. 1. As shown, the radiation 
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from a broad-ribbon tungsten-filament lamp is made parallel by 
lens 1, passed through the flame which has been made luminous at 
the sodium wave length by the addition of sodium compound, and 
focused on the slit of the spectrometer by lens 2. If the flame is 
luminous only at the sodium wave length, all visible radiation 
from the lamp, with the exception of the sodium-wave-length radia- 
tion, passes unchanged through the flame. The spectral intensity 
at the sodium wave length is 


Jas = — + Enel 
where 


Jxs = monochromatic radiation intensity of wave length A 
received by the spectrometer 
Jy, = monochromatic radiation intensity from lamp at wave 


Instantaneous and Continuous Sodium- 
att 


i,» = monochromatic absorptivity of flame at wave length 


A 
Jy» = monochromatic radiation intensity from flame at wave 
length \ 
If the sodium-wave-length radiation absorbed by the flame, 


AyxeJ ac, is greater than the sodium-wave-length radiation emitted 
by the flame, Jar, Jas will be less than J,,, and the sodium line 
will appear dark in comparison with the unabsorbed lamp radia- 
tion of other wave lengths. Conversely, if the amount absorbed is 
less than the amount emitted the sodium line will appear bright. 
At the reversal point where Jxs = Jaz 


{2} 


y 
Applying Wien's lew which relates the monochromatic radiation 
intensity of a body to its temperature, and noting that for negligi- 
ble reflectivity the absorptivity of a body receiving radiation from 
another body at the same temperature is numerically equal to its 
emissivity 


awhere 
ss By = monochromatic emissivity of lamp at wave length » 
= known constants 
Tea, = black-body temperature of lamp 
‘Ta, = apparent temperature of lamp at wave length \ 
Teer = black-body temperature of flame 


and thus ga» = 

The standard procedure is then to adjust the temperature of 
the lamp filament to that temperature at which the sodium line 
just reverses or blends into the rest of the spectrum. At this 
temperature the black-body temperature of the flame is equal to 
the apparent temperature of the lamp which may be measured 
by a standard optical pyrometer using a correction for the change 
in emissivity with change in wave length. 

The adaptation of the foregoing method for use on flames with 
rapidly varying temperatures is based on the concepts ex- 
pressed in Equation [1]. At the reversal point, Equation [1] 
states that the sodium-wave-length radiation from the lamp as 
viewed through the flame has the same intensity as when the lamp 
is viewed directly. In other words, at the reversal point an ob- 
server is unable to tell by intensity measurements at the sodium- 
wave length that the flame is interposed between himself and the 
lamp. Thus if two spectrometers were sighted on the lamp, one 
directly and the other through the flame, and if the sodium-wave- 
length radiation intensities as received through the two spec- 
trometers were always kept equal by varying the lamp tempera- 
ture, the apparent temperature of the lamp would at all times be 
equal to the black-body temperature of the flame. Such an 
arrangement is advantageous over the usual sodium-line re- 
versal arrangement in that the lamp need emit only the sodium- 
wave length, i.e., it need not emit the other wave lengths of the 
spectrum which, in the conventional arrangement, are used to de- 
tect the point of reversal. Thus a gaseous-discharge lamp, elec- 
tronic in nature and giving a discontinuous spectrum but capable 
of following rapid temperature variations, may be substituted for 
the conventional broad-ribbon tungsten lamp with its high 
thermal inertia. In addition, phototubes and their associated 
electronic equipment may be used to detect and maintain equal 
sodium-wave-length radiation intensity at the two spectrometers 
This adaptation enables the electro-optical sodium-line reversal 
pyrometer to follow and record rapidly varying temperatures 
such as are found in spark-ignition engines 
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Apparatus. A schematic diagram of the electro-optical reversal 
pyrometer is shown in Fig. 2. Three optical paths are provided 
for the radiation from the sodium lamp. For the first path the 
radiation passes through the quartz windows, through the flame 
in the head of the engine, and into a spectrometer where a photo- _ 


SODIUM LAMP —SODIUM-LAMP PLATE CURRENT 
\ [PATH ENGINE, POWER AMPLIFIER | 


<QUARTZ 
WINDOW | 


VOLTAGE — 
AMPLIFIER 


QUARTZ 
WINDOW 2 


PATH 2 


PATH | 
AMPLIFIER 


Fie. Scuematic Diagram or Evecrro-Opticat Soprum-Line 


Reversat Prromerer 


tube PE,, located at the sodium wave length, measures the 
radiation intensity. The second path by-passes the engine and 
goes directly to another spectrometer where a second phototube 
also located at the sodium wave length, compares the radia- 
tion intensity with that received by PE. If the two phototube __ ‘hy 
outputs are not equal, the current through the lamp is adjusted — oe 
automatically by electronic means until the two phototube out- _ ~ * 
puts are equal. The third path terminates at PE). 


temperature of the a whieh automatically follows and is equal 
to the true temperature of the flame as previously explained. As 
will be discussed later, vapors other than sodium could be used in an 
the lamp. However, it was desired to use a sodium lamp for the em — 
present experiments, and thus the smallest commercially available _ 
sodium lamp, General Electric Na—1 (14), was used. . 
maximum plate current of 3 amp the apparent temperature of this 
lamp is considerably higher than the temperatures anticipated in 
the engine. 

This lamp was designed for operation on alternating current 
with a hot filament in each end alternately serving ae anelectron = 
emitter and as a plate. For the present purpose, both filaments — 
were used only during the warm-up period. While the pyrometer — 
was in actual use one of the filaments was not heated but served 
only as a plate. A pulsating direct-current voltage related to the 
flame temperature and supplied by the power amplifier, Fig. 2, 
was then impressed on this plate. 

The intensity of the light emitted by the lamp is a function of 
the vapor pressure of the sodium in the lamp, of its physical 
characteristics, and of the current passing through the lamp. 
Schmellenmeier (15) has found that a | per cent rise in vapor pres- 
sure inside of the lamp produces a | per cent rise in illumination. 
For this reason the radiation intensity of the lamp was measured 
directly by PE, rather than by measuring the plate current. 
It was considered expedient, however, to supply external heat to 
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the lamp, especially during the periods of low-current operation, in 
order to maintain 2 relatively constant vapor pressure. For this 
purpose a heating coil, thermostatically controlled, was wrapped 
around the neck of the lamp. A standard vacuum flask was 
placed over the lamp and the heating coil as an aid in minimizing 
the vapor-pressure fluctuations and reducing the amount of heat 
required. 

As indicated in Fig. 2, a mirror was used to reflect the light 
rays at a 90-deg angle. The use of this first-surface mirror enabled 
the three phototubes to be placed close together physically. The 
slit 5, was used to compensate for any light absorption or re- 
striction caused by the quartz windows. Further mention of 
this point will be made in explaining the calibration procedure. 

All three phototubes were of the photomultiplier type (931A). 
The required high voltages were supplied by a voltage-regulated 
power supply. The output of the two phototubes, PE,, and PE, 
Fig. 2, were compared by means of a bridge arrangement, and 
any inequality was amplified by the voltage amplifier. The 
voltage from the voltage amplifier was fed to a current amplifier 
capable of supplying the required maximum lamp current of 3 
amp. The plate current for the current amplifier and the lamp 
was supplied by a 220-volt d-c motor generator set. Cathode 
followers were used wherever low-impedance circuits seemed de- 
sirable. It was necessary to consider both the proper sense and 
phase relationships between the voltage appearing at the bridge 
and the voltage impressed on the lamp. Thus a phase inverter 
was inserted between one of the phototubes and the bridge ar- 
rangement, to obtain correct sense relationship between the 
phototubes, and an odd number of stages were used in the ampli- 
fier to obtain the proper phase relationships between the bridge 
and the lamp. 

The apparent temperature of the sodium lamp was measured 
and oscillographically recorded by means of the third phototube 
PE,. This function could have been performed by either Pl, 
or PE, but it was considered better to separate the balancing and 
measuring circuits. 

Quartz windows of the self-cleaning type (7) were used to 
transmit the radiation through the combustion-chamber walls. 
It was noticed that a iderable t of a hard material, 
probably some lead or sodium compound, was formed around the 
outside of the quartz rod. This compound did not form on the 
end of the rod but a small amount of pitting was noted. 

Calibration. A source whose temperature is accurately known 
was desired for calibration of the measuring circuit. The usual 
techniques of simulating black-body conditions or employing a 
broad-ribbon tungsten lamp of known emissivity values for cali- 
bration purposes were considered inapplicable because of spec- 
trometer imperfections and the monochromacity of the radiation 
from the sodium lamp. The same considerations, as well as lack 
of a suitable filter, prevented the use of a standard optical 
pyrometer to measure the apparent temperature of the sodium- 
vapor lamp. The calibration technique finally adopted involved 
calibration of a steady-temperature flame by the standard 
steady-state sodium-line reversal technique, and the use of 
this steady-temperature flame to calibrate the electro-optical 
reversal pyrometer. 

As will be explained later, one temperature determination is 
sufficient to calibrate the measuring circuit. However, for experi- 
mental purposes a burner was constructed that would burn city 
gas, oxygen, and air in any desired proportions. A sodium salt 
was added to this system which then furnished a steady-tempera- 
ture flame whose temperature could be varied manually in an 
attempt to verify the accuracy of the technique and of the equip- 
ment, and which could also be used for calibration purposes. 

For ease of calibration and in order to utilize existing apparatus, 
the calibrating equipment was arranged as shown in Fig. 3. The 


first-surface movable mirror M; served the dual purpose of re- 


flecting the radiation from the tungsten lamp through an angle of — 
90 deg and blocking the radiation from the sodium-vapor lamp. 
The second first-surface movable mirror M;, immediately pre- 


ceding the phototube PE,, was placed at such an angle that the qe. gel 
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radiation was reflected upward to a horizontally placed ground 
glass. When using the broad-ribbon tungsten lamp and the 
s'eady-temperature flame the reversal of the sodium-resonance 
line could thus be visually observed on this ground glass. The 
chopper was required since the amplifiers were not of the direct- 
coupled type. 

In utilizing the standard steady-state sodium-line reversal 
technique to determine the temperature of the steady-témperature 
burner, it was necessary to determine the apparent temperature ot 
the broad-ribbon tungsten lamp. Following the usual practice the 
apparent temperature of the tungsten lamp at the effective wave 
length of the standard optical pyrometer (0.665 micron) was de- 
termined and this apparent temperature was corrected to the 
sodium wave length by solving Equation [3] for the two wave 


lengths involved. The resulting equation is 
1 1 


As 
= ~ In Exs + 
Tans C; 


AP 
C In Exp {4} 


where 
Tas, Taxe = apparent temperature of tungsten lamp at so- 
dium wave length and at wave length of 
standard optical pyrometer (0.665 micron), 
respectively 
Ay, Ap = sodium wave length and standard optical 
pyrometer wave length, respectively 
Exp = monochromatic emissivities of tungsten lamp 
at sodium and standard optical pyrometer 


wave lengths, respectively 


Consideration must be given to the transmittance of the quartz 
windows in calibrating the equipment. This transmittance may | 
affect the calibration since the quartz windows are in only one of 
the three light paths. Their transmittance also will enter into the 


Beet EL WAKIL, MYERS, UYEHARA—SODIUM-LINE REVERSAL PYROMETER 
a 
* 
Quartz 
as 
. 
: Te 


TRANSACTIONS OF THE ASME 


calibration since the calibration flame is located in a different 
position relative to the quartz windows than is the engine flame. 

It has been noted already that the quartz windows were of 
the self-cleaning type. It was anticipated that because of this 
feature their transmittance would remain constant over relatively 
long periods of time. Tests have proved this to be so. It is 
possible, however, that the transmittance varies throughout the 
engine cycle. To date no practical means of determining the 
cyclic constancy of the transmittance has been found. It will be 
noted that constancy of transmittance is important, for a change 
in the transmittance of the quartz window will affect only one of 
the three light paths. Since the transmittance did remain rela- 
tively constant over long periods of time, it was assumed to re- 
main constant throughout the engine cycle. 

To evaluate the effect of the different location of the calibration 
and engine flame let us refer to Fig. 2, letting X, and X; represent 
the transmittance of quartz window 1 and quartz window 2, re- 
spectively. Also, let X; represent the transmittance of the slit 
through which passes light paths 2 and 3 which by-pass the en- 
gine, and let X, represent transmittance of the slit preceding 
PE». Transmittance X, is, of course, variable by means of slit 
S,, and is initially adjusted so that X, = X;, while X, is adjusted 
so that X, = X;. Thus the net radiation reaching phototube 
PE, is XX, (J ter Agp J ier) + Jer while the net radia- 
tion reaching phototube PE, is X:XwWJ yee. At the balance point 


— Age Jer) + Jer X2 = = XiX2 J cer 


or 


A EF X, 

where the subscripts EF stand for engine flame. At the same time 

the measuring phototube, PE,, will receive radiation of intensity 


J prayer = XxX, 


With NX, still fixed at XY, and X, adjusted to compensate for the 
removal of quartz window 2, let us consider the arrangement 
shown in Fig. 3 which schematically represents the arrangement of 
the equipment while using the steady-temperature calibrating 
flame with the exception that quartz window 2 is in place. Con- 
sider the situation when mirrors M, and M, are inoperative, i.e., 
the temperature of the calibrating flame has been determined and 
the flame is now to be used to calibrate the apparatus. Under 
these conditions, at the balance point 


Xi (J ice Ace Jice + Jer) =X, Jicr 
or 
Jicr = Jer/Acr {9} 


where the subscripts CF stand for calibrating flame. At the same 
time the measuring phototube, PEs, will receive radiation of in- 
tensity 

= 


If we have a calibrating flame and an engine flame with the same 
black-body temperature, then from Equations [6] and [9] 


Jer/Acr = Jar Agp = = Xi {11} 


Equation [11] shows that the lamp intensity must be greater by 
the factor X, when the engine flame is in position if the engine and 
calibrating flames are to be at the same temperature. Equations 
[7] and [10] state that the measuring phototube, PEs, receives the 
same fraction of the lamp radiation regardless of which flame is in 
position. It follows then that even when the calibrating and en- 
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gine flames are at the same temperature, the oscillographic indi- 
cation of the phototube, PE,, will be greater by the amount 1/X, 
when the engine flame is in position. The value of X; must then 
be determined experimentally and properly accounted for by de- 
creasing the gain of the electronic equipment following phototube 
PE, when it is used on the engine flame, by multiplying the os- 
cillographic deflections by the factor X,, by changing the front 
slit of the spectrometer preceding PE;, or by a properly propor- 
tioned combination of the three methods mentioned. In any 
event the choice between the three-methods is made on the basis 
that approximately full-seals oscillographic deflection from the 
measuring circuit is desired when the instrument is used on the 
engine. 

The calibration procedure is then as follows: The engine is run 
for some time under the proposed operating conditions to insure 
the constancy of X, and X;. The engine is then stopped, quartz 
window 2 is removed to facilitate visual observations, and a con- 
stant, alternating voltage is impressed on the plates of the sodium- 
vapor lamp. The transmittances of the two light paths to photo- 
tubes PE, and PE, are then made equal by adjusting the slit S, 
so that the output of the balancing circuit is zero. The steady- 
temperature burner and the required mirrors are then placed in 
position and after the steady-temperature flame has been ad- 
justed to the desired temperature, the reversal point is achieved 
by varying the current through the broad-ribbon tungsten flame 
and is visually noted by means of the mirror M;. The apparent 
temperature of the tungsten lamp is then determined by a stand- 
ard optical pyrometer. This determination, after the proper 
wave-length correction, yields the true flame temperature. With 
the temperature of the steady-temperature flame now known, the 
mirrors are removed from the lines of sight, the light chopper is 
started, and the steady-temperature flame is used to calibrate the 
electro-optical reversal pyrometer. Several readings are taken 
since only one temperature determination is necessary to cdli- 
brate the apparatus. The value of X, is then determined experi- 
mentally by again impressing a constant, alternating voltage on 
the plate of the sodium lamp, blocking the radiation to the photo- 
tube PE», and noting the oscillographic deflection with quartz 
window 1, in place, and when it is removed. Following this de- 
termination, both quartz windows are inserted, and the absorp- 
tion of light paths 1 and 2 are made equal by adjusting the slit of 
the spectrometer in front of PE,. This completes the calibration 
of the electro-optical reversal pyrometer. 

If the apparent temperature of the lamp is at all times equal to 
the true temperature of the steady-temperature calibrating flame, 
and if the amplification of the measuring circuit is constant and 
linear with light intensity, then according to Equation [3} 


Jer —C; 
Jicr KD 1A e AT 


radiation intensities of calibrating flame and of 
sodium lamp, respectively 

proportionality constant 

oscillographic deflection of measuring circuit 

monochromatic absorptivity of calibrating flame 
at a wave length \ 


Taking the logarithm of both sides and grouping constant 
terms 


Jer 


Acr = 


In D = In (const) — (C2/d) (1/T).... . [13] 


Equation [13] states that the oscillographic deflection of the 
measuring circuit, when plotted on semilogarithmic paper against 
the reciprocal of the absolute temperature, should plot as a 
straight line of slope —C,/\. In order to check the accuracy of 
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the equipment, calibration data were taken with the air-oxygen- 
gas mixture supplied to the burner adjusted to give different flame 
temperatures. The resulting data are shown in Fig. 4 where the 
temperature scale is the temperature of the burner flame deter- 
mined by the steady-state sodium-line reversal technique. As the 
theory predicts, the data indicate a straight line of slope —C;/d. 
Thus, when calibrating the equipment, one accurate temperature 
determination is sufficient to establish the calibration of the equip- 
ment, since the slope of the line is known. 


The engine which was used for the exploratory tests and with 
which it is planned to conduct future tests, is a Waukesha CFR 
octane fuel-rating engine having a high-speed crankcase and 
equipped with a special head and crankshaft. This special head 
has seven holes as shown in Fig. 4. As will be noted in Fig. 4, two 
pairs of holes are diametrically opposed and suitable for use with 
the present equipment. The additional holes provide openings 
for other instruments as well as a means of initiating combustion 
at different points in the combustion chamber. Because of the 
special camshaft the intake valve opens at approximately 25 
BTC. The timing of the other valve events is normal. 

Instrumentation of the type described in ref (4) enabled 
temperature-time diagrams with timing marks to be repeatedly 
shown on an oscillograph. In addition, a pip on the oscillographic 
trace caused by the occurrence of spark indicated the spark 
timing. Since it was intended to use the sweep circuit primarily 
for observation purposes and to use a drum camera for taking 
future data, no special care was taken to insure a high order of 
accuracy in this mechanism. 

For these exploratory tests the engine speed was held constant 
at 1200 rpm, the spark at 39 deg BTC, the compression ratio at 
6:1, and the inlet cooling-water temperature at 180 F. A leaded 


FULL THROTTLE, 1200 R.PM. 


ry 
EL WAKIL, MYERS, UYEHARA—SODIUM-LINE REVERSAL PYROMETER 


laboratory fuel, classified as a “premium-grade” fuel and pur- 
chased on the open market, was used. The fuel was injected into 
the intake duct by an injection pump at a point about 3 in. ahead 
of the intake valve. 

The variable chosen for the exploratory tests was the air-fuel 
ratio. This particular variable was chosen because coraparison 
data taken with the steady-state point-by-point technique were 
available in the literature. Since neither the fuel nor the air was 
metered the “best-power” mixture was determined experi- 
mentally. The terms ‘‘rich” and “lean” as used in this paper are 


_ comparative only. 


Both the cyclic reproducibility and irreproducibility were 
especially apparent in all of the oscillograms taken. For example, 
the isothermal portion of the oscillogram shown in Fig. 5 does not 
vary by more than 25 or 50 F between the cycles shown. At 
the same time the temperature of two of the three cycles shown in 
Fig. 5 exceeded the lower sensitivity limit of the instrument at 
approximately top center and decreased to a value below this 
limit at approximately 80 deg after top center. The third cycle 
did not exceed the lower sensitivity limit of the instrument until 
approximately 30 deg after top center and did not drop below this 
limit until an estimated 130 deg after top center when it had gone 
off the oscillograph screen. It will be noted that the cyclic repro- 
ducibility of the isothermal! portion was good for all three air-fuel 
ratios used (Figs. 5, 6, and 7), while the irreproducibility was more 
pronounced for the rich and lean mixtures (Figs. 5, 6, and 
7). 

The occurrence of spark is indicated on the oscillogram and re- 
mained relatively constant. It will be noted in Fig. 4 and in- 
ferred from the data in Figs. 5, 6, and 7, that the elevation of the 
spark plug is above the elevation of the line of sight through the 
quartz window. Apparently the cyclic irreproducibility repre- 
sents the variation in the time required for the flame to grow and 
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reach the line of sight of the pyrometer. Some cyclic irreproduci- 
bility was to be expected since no particular precautions were 
taken to insure a homogeneous air-fuel mixture, since previous in- 
vestigators using the steady-state technique had noted that 
occasional reversals could be obtained over a fairly large tempera- 
ture range, and possibly because of the special camshaft used. It 
will be interesting to determine the extent to which the cycle-to- 
cycle variation can be minimized or eliminated by supplying a 
relatively homogeneous air-fuel mixture and by close control of the 
other engine variables. 

The detection of both the cyclie reproducibility and irrepro- 
ducibility and of their nature illustrates the unique usefulness of 
the instrument. With this instrument individaal cycles can be 
studied or, if desired, average values can be obtained with the 
averaging method known and specified. 

Deflections sealed from the oscillograms shown in Figs. 5, 6, 
and 7, were converted to temperature by means of calibration 
data and are shown as points on a temperature-crank-angle graph 
in Fig. 8. The trend expected from the data of previous in- 
vestigators is found, i.e., the highest temperatures are obtained 
from the best-power mixtures. The temperature difference be- 
tween the rich and lean mixtures is small and is probably no 
larger than the experimental error. Any average curve drawn 
through the points would have a flat portion followed by a portion 
of decreasing temperature whose slope would be determined by 
the averaging technique used. fue’ 


EXPeRIMENTAL Accuracy AND Tre 


As is true with most instruments and techniques, the instru- 
mentation described has certain characteristics peculiar to it. 
Since these characteristics must be taken into account properly 
when interpreting data taken with the instrument, a discussion of 
these characteristics may be in order. It may also prove of in- 
terest to point out technique and instrument improvements which 
may make the instrument more valuable to others working in the 
field, 

Low-Temperature Sensitivity. equation [13] states that when 
the logarithm of the voltage output of the measuring circuit (as 
measured on the oscillograph) is plotted against the reciprocal of 
the absolute temperature, a straight line should and does result. 
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It will be noted in Fig. 9 that this results in a rapid decrease = adjustment in the present instrument is such that this lower _ &: - 
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oscillographic deflection with a decrease in temperature, i.e., such 
low deflections occur at low temperatures that the sealing error 
becomes inordinately large. This effect will also be noted in Figs. 
5,6,and7, 4s anabrupt increase in deflection from an immeasurably — 
small value to a maximum or near-maximum value. Similarly, an 
abrupt decrease in deflection occurs near the end of the oscillo- | 
graphic indication of temperature. Thus the initial and final — 
points on the temperature graph, Fig. 10, do not represent actual 
temperature values but merely the initial and final points at = 
which measurable deflections were obtained. Gas 
Theoretically, some sodium vapor is always present regardless ne eA 
of the temperature of the gase8. However, a practical lower limit © payne 
exists below which insufficient sodium is present in the vapor state vs : 
to produce appreciable luminosity at the sodiym wave length. oe 
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limit undoubtedly occurs below the lower temperature limit to 
which the instrument is sensitive. 

The low-temperature sensitivity of the instrument could theo- 
retically be improved by proper choice of the wave lengths used. 
If Wien’s law is differentiated with respect to |wave length and 
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the differential set equal to zero, it will be found that the 
product of 7) is equal to a constant indicating that the maxi- 
mum radiation intensity occurs at longer wave lengths as the 
temperature decreases. Thus a compound with a longer-wave- 
length resonance line would be more suitable for low-temperature 
measurements in that higher radiation intensities would result at 
the same temperature. The use of a compound with a longer 
wave-length resonance line would also decrease the slope (—C.)) 
of the line shown in Fig. 9, and the same oscillographic deflection 
would represent a greater temperature difference. With these 
thoughts in mind, other vapors such as potassium (\ = 7664.A) 
and cassium (A = 8521.1A) were considered but, for various 
reasons, such as the unavailability of commercial lamps using 
these c »mpounds and their possible unknown effects on combustion 
and the combustion chamber, these and other compounds weve re- 
jected in favor of a sodium salt. 

Operation of Luminous Flames. The instrumentation de- 
seribed was developed for use on nonluminous flames. However, 
since there is no definite line of demarcation between a } 


luminous flame a comparatively wide spectrometer entrance slit ix 
permissible and is desirable from sensitivity considerations. 
However, if a comparatively wide slit is used in conjunction with — 
a luminous flame, the output of PE, (Fig. 2), is composed of the | 
output resulting from the side bands present due to spectrometer _ 


imperfections as well as that resulting trom the radiation at the + hg 
At the same time PE, (Fig. 2), and the 
measuring phototube PE, (Fig. 2), see only the radiation resulting = 


sodium wave length. 


from the sodium wave length. As previously explained, the 
bridge circuit automatically maintains equal outputs from 
the two phototubes PE, and PE,, by adjusting the intensity of the 
sodium lamp. Thus, even under these conditions, Equation {2} 
must still be valid and 
Aw 

where J(,2a)r, however, now includes the intensity of 
radiation from the side hands (A + dA) and (A — dA) as well as 
from \. For a particular flame of fixed temperature and absorp- 
tivity is larger than Since is fixed it 
follows that J,z is larger when PE, receives radiation of intensity 
Jawa than when PE, receives radiation Conse- 
quently, the lamp and the measuring circuit could give tempera- 
ture readings in excess of the black-body temperature of the 
flame when the instrument is sighted on a luminous flame. 

Operation With a Variable Transmittance. As has been pre- 
viously mentioned, the sodium-vapor lamp requires a maximum 
current of 3.0 amp for its operation. With the ueual type of re- 
ceiving tube, such currents are achieved only by parallel opera- 
tion of a large number of tubes, and consequently some other 
means of modulating the light source might be desirable. If the 
arrangement shown in Fig. 4 is considered and the analysis pre- 
viously employed in the development of Equations |1| and [2] ix 
used, it follows that 


where 

x = transmittance of diaphragm or other means used to 
modulate the light 

v, = combined reflectivity of mirrors M, and M, 

= transmittance of mirror M, 


Row 
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In order that equal light intensities will be received by the two 
phototubes PE, and PE,, Fig. 10, when no flame is present, it will 
be necessary to adjust the optical paths such that Raw. = Tam. 
With the flame in position and at the balance point where the 
equation is valid 

Ane Jan Tam, 
or if Jxz is held constant, z is a function of only the black-body 
temperature of the flame. 

If a suitable variable transmittance could be found the fore-_ 
going arrangement would enable a steady-temperature lamp to be 
used. In addition, the use of a continuous-spectrum light source 
would help to minimize possible errors encountered in operation 
ona lu 


and a nonluminous flame, and vice versa, it might be well to discuss 
the operation of the instrument when used on a luminous flame. 

From a theoretical standpoint, it is immaterial whether the 
absorption and emission taking place in the flame is caused by 
the sodium atoms or by smal] carbon particles—the equations 
must still be valid under the specified conditions. The equations do 
assume, however, that one is working with monochromatic 
radiation, i.e., that one has a perfect spectrometer. o a non- 


well as the central wave length. 


Numerous different methods of modulating the beam of light = 
seem feasible, depending upon the speed of response required. 
Optical wedges (16) or an ordinary diaphragm would be suitable — ses 


for very slow operations. For rapid changes, the use of the Kerr 
cell (17), the Jeffree light valve (18), the P-type crystal (19), «r 
other similar devices would seem — ‘ It is hoped that future — 


flame since under these conditions all phototubes 
(PE,, PEs, and PEs, Fig. 10), would receive side-band radiation as 
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development work employing these or other variable transmit- 
tances can be carried out. 


Nature or TemPeraTuRE MeasurepD 


During the combustion processes in an internal-combustion en- 

gine the gases are nonhomogeneous in composition, are in violent 
physical and chemical agitation, and are neither in chemical nor 
thermal equilibrium. Thus the thermodynamic terms, ‘‘tem- 
perature of a flame” or ‘temperature of the gases in the engine’”’ 
as used in the preceding discussion are indefinite in meaning until 
one specifies the measuring and averaging technique used. In 
other words, one could obtain almost any temperature value de- 
sired from such a system by proper choice of the measuring and 
averaging technique. For example, if one measured the pressure 
of such a system and calculated the temperature, one value would 
be obtained, while if some radiation technique, which would weight 
the high temperatures more heavily, were used, an entirely 
different answer would be obtained. The following discussion will 
attempt to point out some of the things that should be considered 
in evaluating the temperatures measured by the foregoing tech- 
nique. 
It is clear that if the gases are not in thermal equilibrium a 
spatial average of the temperature must be obtained and that the 
measured temperature should lie somewhere between the lowest 
and highest temperatures existing in the gases. Such a problem 
has been treated by different investigators (16, 20, 21, 22). All 
of these investigators came to the same conclusions; the meas- 
ured temperature will lie somewhere between the highest and the 
lowest temperatures existing in the nonequilibrium system, 
the measured temperature will be affected by concentration of the 
radiating substance, and [with the possible exception of the tech- 
nique used by Bundy and Strong (20)], one cannot determine the 
temperature and concentration distribution from the measured 
temperature since the same measured temperature may be given 
by numerous different temperature and concentration distribu- 
tions. Experimental confirmation of these conclusions is given by 
Lewis and von Elbe (23) where temperatures of as much as 100 to 
200 F lower were obtained when the flame was totally colored, 
as compared to point colorations in the high-temperature regions. 
Confirmation is also given in the work of Bundy and Strong (20) 
and Buttner, Rosenthal, and Agnew (21), who showed that, even 
in totally colored flames, the distribution of the radiating par- 
ticles affected the values of the measured temperatures. Experi- 
mental evidence from engine flames will be found in reference (13), 
where Rassweiler and Withrow found that “self-reversal” could 
be produced by varying the sodium concentration. 

The foregoing reasoning and experimental data emphasize the 
difficulty in determining the significance of and utilizing com- 
bustion-temperature measurements made in internal-combustion 
engines. These combustion-temperature measurements are fur- 
ther complicated by the possibilities of nonequipartition of 
energy among the various degrees of freedom of the molecule. 
This possibility will be mentioned later. At the same time, fairly 
reproducible combustion-temperature measurements have been 
made (4, 5, 7, 11, 12, 13). 

With the full realization that these data were taken on engines 
of different design and with different combustion-chamber shapes, 
under different operating conditions, and in some cases even by 
entirely different techniques, it was thought that an attempted 
correlation of combustion-temperature measurements made in 
spark-ignition engines might be of interest. Accordingly, the 
available pertinent data from the literature were all plotted to the 
same scale and are presented in Fig. 11. Fig. 4 presents the shape 
of the combustion chambers used by the various investigators and 
as much data on the: operating variables as could be obtained 


Some of the differences between engines can be minimized by | 


plotting the temperature against volume on a log-log scale. = se 
a plot is shown in Fig. 12 for the data taken by radiation tech- _ 


niques. Since the literature does not give 1/r values for the 
various engines, it was necessary to assume a value of 4.00. 


but little. 


Since the curve shown in Fig. 12, representing data taken i i- 


the present investigations, includes data in addition to those shown 
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in Fig. 8, a word of explanation as to the averaging processes 
used might be in order at this point. The cyclic irreproducibility 
and the abrupt decrease in deflection at the end of a particular 
cycle have been noted previously. With the knowledge that the 
temperature did not go to zero at the end of the abrupt decrease 
in temperature a value of 3500 R, corresponding to an oscillo- 
graph deflection of 0.15 in., was assigned to a curve as soon as the 
oscillograph deflection became less than 0.15 in. This value and 
the other measured values were then averaged arithmetically, and 
a smooth curve drawn through the resulting points. This averag- 
ing technique is admittedly imperfect but since the data were 
used for comparison with point-by-point values and since the 
type of average obtained by the latter technique is unknown, the 
method outlined was considered satisfactory. 

Inspection of the data shown in Figs. 11 and 12, taken by the 
sodium-line reversal technique will show lines of two distinctly 
different slopes, i.e., the data taken by Rassweiler and Withrow 
(13) and by Lloyd-Evans and Watts (12) show distinctly more of 
a temperature decrease per crank angle than do the data of Her- 
shey and Paton (11), and that of the present investigation which 
shows quite “flat” temperature curves. Similar flat tempera- 
ture curves have been noticed previously in the Diesel engine (7). 

Inspection of the information shown in Fig. 4 will suggest at 
least two possible explanations for the differences in slopes ob- 
tained by the different investigators. It will be noticed that the 
data with the greater negative slope (Rassweiler and Withrow, 
and Lloyd-Evans and Watts) were taken on head engines, while 
the flat temperature curves (Hershey and Paton, and El Wakil, 
et al) were taken on valve-in-head engines. While this is a 
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possible explanation, it is not thought to be the most nearly correct 
and significant explanation. It will also be noticed in Fig. 4 that 
the flat temperature data were taken with the line of sight, 
parallel to the flame-front travel (at right angles to the flame 
front if it were a plane wave), while the other data were taken 
with the line of sight at right angles to the flame-front travel 
(parallel to the flame front). It is thought that this second dif- 
ference in combustion-chamber arrangement is of significance. 

The different slopes for the data of the different investigators 
could be explained by the existence of a high-temperature flame 
front (possibly even higher than the adiabatic flame tempera- 
ture). Under this assumption, the data taken with the travel of 
the flame front at right angles to the line of sight should give an 
initially high temperature, followed by the expected expansion 
curve. This is in agreement with the experimental data (Figs. 11 
and 12). It is also interesting to note the small initial “‘pips’’ 
visible in Figs. 5, 6, and 7, when the flame front first reaches the 
line of sight of the electro-optical pyrometer. These experimental 
pips could be caused by instrument error, and thus at present 
cannot be accepted as absolute evidence of an initial high tem- 
perature, but it is interesting to note their presence. However, 
these experimental pips were not in evidence when the instru- 
ment was sighted on the calibration flame, and the radiation was 
rapidly and periodically interrupted by the light chopper. 

On the other band, the data taken with the travel of the flame 
front parallel to the line of sight would be expected to give a 
flat curve until such time as the high-temperature flame front 
passed out of the line of sight, while, after the flame front had 
passed out of the line of sight, the expected expansion curve 
should be observed. Again, this is in agreement with the experi- 
mental facts (Figs. 11 and 12). 

Under the foregoing assumption, it would also be expected that 
the length of this flat portion would vary with the speed of 
travel of the flame front. Again, the experimental data taken by 
Hershey and Paton and by the present investigators show this 
trend. For example, the data of Hershey and Patton show that 
the lean mixture (20.3:1) gave a very flat curve, the rich mix- 
ture (9.46:1) gave a flat een followed by the predicted ex- 
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pansion curve, and the presumably best-power (12.99:1) mix- 
ture gave a very short flat portion, followed by the predicted 
expansion curve. This trend is in excellent agreement with the 
speed-of-flame-travel data of Rabezzana and Kalmar (24), who 


, found that a combustion time of approximately 90 deg of crank 


travel was required for a 20.3:1 mixture, 55 deg for a 9.5:1 mix- 
ture, and 45 deg for a 13.6: 1 mixture. 

If this suggested high flame-front temperature does exist one 
would also expect that the relative closeness of the flame front to 
the measuring device would affect the temperature value recorded, 
(16, 20, 21, 22). The data of the present investigation are incon- 
clusive on this point for, while the flame front is moving away 
from the measuring device, the pressure and temperature of the 
unburned gases into which the flame front is advancing are vary- 
ing and might affect the flame-front temperature in a manner as 
yet unknown. The data of the present investigation, where the 
flame front is moving away from the spectrometer, are slightly 
more flat than the data of Hershey and Paton where the 
flame front was moving toward the spectrosocpe. 

Additional verification for the suggested high-temperature 
flame front is found in temperature measurements made on the 
Diesel engine (4, 5, 6, 7). From the manner in which the fuel is 
introduced and combustion takes place in the Diesel engine 
a multiplicity of individual flame fronts would be expected. This 
multiplicity of flame fronts would be expected to exist for some 
time after injection has ceased and possibly for a goodly propor- 
tion of the expansion stroke because of the imperfect mixing of 
the fuel and air. Thus if high temperatures did exist in the flame 
front, a flat temperature curve would be expected. Such flat 
temperature curves have been found experimentally (4, 5, 7). 
The “flatness” of these curves caused considerable comment in 
the accompanying discussions and the foregoing explanation was 
offered. The data of this investigation would seem to offer con- 
clusive proof that such was the case. Furthermore, the measured 
Diesel combustion temperatures were not markedly affected by 
engine operating condition. This is in agreement with the fore- 
going hypothesis, for the flame-front temperature would probably 
not be affected by the variables. 
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If the given hypothesis is correct, a previously mentioned 
abrupt temperature decrease would be expected when the flame 
front ceased to exist or passed from the line of sight. This abrupt 
decrease could be expected to terminate at the temperature of the 
expanding gases and from there on the temperature-crank-angle 
curve should follow the expected expansion curve rather than a 
flat curve. However, the oscillographic deflections obtained by 
either the sodium line reversal or the two-color technique are 
logarithmic with 1/7’, and, as the temperature drops, the oscillo- 
graphic deflections rapidly become so small that possible scaling 
error prevents the taking of conclusive data. More conclusive 
data could be obtained by increasing the amplification of the 
measuring circuit and allowing the high-temperature portion of 
the curve to go off the screen of the oscillograph. This would, of 
course, preclude simultaneous data being obtained on both the. 
high and low-temperature portions of the curve but it would ena- 
ble more accurate studies to be made of the low-temperature 
portion of the expansion. If desired, additional amplification 
channels and oscillographs would enable both to be obtained. 

Untortunately, the engine on which the studies were made was 
in the process of being equipped with additional instrumentation, 
and these data could not be obtained prior to the writing of this 
paper. The data of Hershey and Paton would seem to bear out 
this conclusion though, for the curves for the 9.46:1 and the 12.99: 
1 air-fuel ratio show a flat. portion followed by an “expansion” 
portion. It is planned to take additional data in the future in an 
attempt to clarify this point. 

In view of the experimental confirmation given, it might be 
well to inquire if any theoretically sound explanation can be 
found for the suggested high-temperature flame front. Un- 
fortunately, the details of what happens in the flame front are not 
clear. From the findings of many workers in this and other fields 
(25) it seems very probable, however, that when the oxidation 
products are formed from the reactants, a major portion of the 
energy so released is present in the vibratory degrees of freedom. 
The sodium atom would be a possible third body to absorb this 
energy at the time of the reaction or a second body to absorb it 
after the reaction has taken place. It is also known that the 
vibratory degrees of freedom of nitrogen, which, after all, forms 
approximately 80 per cent of the mixture, are excited much more 
slowly than the translatory degrees of freedom. Thus if a nitro- 
gen molecule absorbed the excess vibratory energy of the reacting 
molecules its translatory degrees of freedom would quite probably 
contain an excess of energy over the other degrees of freedom. 
Thus, in any event, in the flame front the sodium atom would 
have an excellent opportunity to become excited by molecules 
having an excess of energy in a particular degree of freedom and 
to indicate a high temperature. Under the existing high pressures 
the large number of molecular collisions undoubtedly would cause 
rapid re-equipartition of energy but, if the flame front had appre- 
ciable thickness, the spatial averaging given by the sodium-line 
reversal technique might well produce the observed experimental 
results. 

One other point might be of interest in comparing the present 
results with those of the previous investigations. It is noted that 
the temperatures currently being measured are the highest of 
all the temperatures shown in Figs. 11 and 12. One possible ex- 
planation for this might be the existence of some luminosity in 
the flame for, as previously mentioned, this luminosity could 
cause temperature readings in excess of the black-body tempera- 
ture. 
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J. H. Herr* The instrumentation and techniques of this 
paper are so excellent that it may seem captious to raise again the 
question of the thermal equilibrium of the sodium with the hot gas 
under all conditions. 

The writer and others at the Jet and Flame Laboratory, New 
York University, have observed for certain types of acetylene- 
oxygen flames that the spectral brightness at the centers of the 
sodium line are at least 100 times greater than that of the adjacent 
continuum. As this continuum has an emissivity of at least 0.4, 
some preferential excitation of sodium is indicated in this case. 

Along analogous lines is a recent communication by Gaydon 
and Wolfhard.* They show that for a low-pressure acetylene-air 
flame (24 mm of Hg) when a metal vapor such as iron or lead is 
introduced into the flame, it is found that many of the lines of the 
spectrum are obtained in emission, even against a background of a 
full light of a carbon are (3800 K). They also give a table of 
line-reversal temperatures which range for the same flame from 
2010 K for Na 5890 to 3450 K for Fe 2483. 

These observations clearly indicate that the chemical kinetics - 
of sodium needs additional study before full confidence can be given 
to line-reversal temperatures. 


E. W. Lanven.’? The Combustion Laboratory at the University 
of Wisconsin has had considerable experience in the measurement 

* Jet and Flame Laboratory, New York University, New York 
N. ¥. 

* “Letter to the Editor,’’ Proceedings of the Physical Society of Lon- 
don, series A, vol. 53, 1950, p. 77. 
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of instantaneous temperature of the Diesel flame and has now ex- _ 
tended these measurements to the Otto-cycle flame. The develop- 
ment of new and better instruments should give us better data so 
that we can evaluate combustion more satisfactorily, even though 
the instruments are based on previously known concepts. 


There is little we can add to these data on gasoline-engine com- _ a 


bustion, and speculation here at this time would contribute very _ 
little. It is too bad that a wider span of temperature cannot be _ 


utilized in this equipment so that more complete data could be 


obtained. It is difficult to make a pyrometer of this type or the 
two-color electronic-optical type to work for all temperatures. 
The exponential variation of the radiation as a function of the 
temperature makes the problem difficult. A two-color electronic- _ 
optical pyrometer constructed at our laboratory would operate _ 
only over a temperature range of 1000 to 1500 F, depending 
on the limiting peak temperature. There was some choice in the 
operating range of this instrument. 

The authors make some comparison between the peak tempera- 
tures in the gasoline and the Diesel combustion. They refer to 
the “‘flatness’’ of the temperature curves from both engines. 
This may occur in a gasoline engine when the flame front is mov- 
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ing toward or away from the observation point, In the Diesel, 
however, due to the heterogeneity of burning after ignition, one 
would expect considerable variation in the observed temperature 
because the intensity of burning would vary with time, and the 
density of the flame would not permit always observing the 
maximum temperatures, although the weighted average would be 
in that direction, We have obtained temperature-crank angle 
data from our test engines, and our observations differ depending 
upon the point of observations. In the precombusticn chamber, 
the temperature remains high for some time, but there is a varia- 
tion in recorded temperature of as much as 400 F, and exhibit- 
ing a high-frequency oscillation. This may be caused by turbu- 
lence of the burning mass. The point of observation in the 
main chamber was selected to view the gases emerging from 
the precombustion chamber. The temperature-crank angle curve — 
was quite smooth and varied with the load condition on the en- 
gine. A plot of the temperature crank angle at the latter ob- 
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ture-crank angle relationship than does the less volatile fuel even 
though both have a measured cetane number of 40. 

From Fig. 14, herewith, showing the flame duration as a func- 
tion of bmep, one would expect the flames in the prechamber and 
main chamber to be of equal duration in this engine at about 60 
bmep. The duration from the temperature runs agrees reasonably 
well with that obtained by other techniques. There is a dif- 
ference in pressure between the prechamber and the main chamber 
so that an analysis of the prechamber observations would not 
exactly fit the main chamber. The temperatures are in the same 
order of magnitude but differ in duration. This brings up a point 
in regard to the flatness of the temperature curves shown in 
reference (4) and (7) of the authors’ Bibliography. If the pres- 
sures and temperatures were measured in the antichamber, there 
may be some discrepancy when compared to the events in the 
main chamber. In our own engines, we know there are differences 
in pressure between the two combustion chambers. The anti- 
chamber of a Diesel engine may give slightly different flame dura- 
tion and temperature from that of the main chamber. 


E. F. Oper.’ It is noted that the line of sight through the 
combustion chamber was along that of the flame travel. Then 
the gas column under observation at any instant was not homo- 
geneous but consisted of three portions (and the relative volume 
of each portion varied with time): 


(a) The burned gas behind the flame front at an average 
temperature, say, of 7’, (and composition 2;). 

(b) The flame-front gas at a different temperature, say, 7' 
(and composition 22). 

(c) The unburned gas ahead of the flame front at a third 
temperature, say, 7; (and composition 


Compression of the burned mixture behind the flame front by 
expansion of the burning mixture creates a temperature gradient 
in the combustion chamber (the Hopkinson effect) and therefore 
T; is greater than 7;. Each portion of gas will have an emis- 
sivity and absorptivity dependent upon composition and 
temperature. 

Since there are three different portions of gas, as outlined here- 
with, then should not Equation [1] of the paper have at least 
three terms for absorptivity and for intensity? In other words, 
Ay, and J» in Equation [1] for this engine application should 
contain at least three distinct terms. As a second part of the 
same basic question, note that the temperature of each portion of 
gas has a different value. Then is it permissible to assume that an 
absorptivity and an emissivity (really, average values) are equal? 
This was the assumption underlying Equation [3] of the paper. 
It would appear that no single temperature is being read by the 
instrument. 

That the flat isothermal curves are related more to a “‘flame- 
front” temperature and not to an’ “average” temperature is 
apparent in Fig. 7, since a 1200 F drop in temperature occurs 
in about 3 deg of crank movement and certainly an average 
temperature would not change so rapidly. This drop emphasizes 
the nonequilibrium of temperature throughout the combustion 
chamber. In reference (11) of the paper the temperature also 
approached isothermal when a wide shutter opening (18 deg) was 
used, and became less so with smaller openings (3 deg). Is there 
an interrelationship here which is not apparent to the 
writer? 

The flat isothermal portion also may arise from the compres- 
sion of the already burned gas behind the flame front as combus- 
tion takes place. The temperature gradient predicted by theory 

* Professor of Mechanical Engineering, Northwestern Technological 
Institute, Evanston, Ill. Mem ASME. —e 
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for a constant-volume combustion tends to maintain the tempera- 
ture of the first-burned portion as the piston descends. Could 
this effect be emphasized by the increasing volume of burned 
products with their high temperature appearing in the line of 
sight of the instrument at the expense of unburned mixture at a 
lower temperature? Does the instrument emphasize the highest 
temperature sighted? 

The same explanation might be used for the “pips” shown in 
the illustrations. If these pips were phenomena of the flame 
front, maximum values would be expected for overrich mixtures _ 
and minimum values for lean mixtures. In the illustrations, 
however, minimum values occur for the best-power mixture which 
is a rich mixture. The pips are apparently first sighted either 
before TDC or before maximum pressure. With the isothermal 
explanation in mind, would not the pressure probably be rising in 
the chamber when the pips occur and, therefore, compression of 
the burned mixture is occurring without a compensating expan- 
sion? 

A rough calculation indicates that the,pips occur in approxi- __ 
mately the time that would be required for the flame to travela _ 
distance equal to the diameter of the quartz viewing windows. — 
The authors may care to comment on this coincidence. 


Avutnors’ CLosuRE 


The authors appreciate the interest shown by the discussers. ere 
They are in agreement with Mr. Hett that in the flame front pref- = 
erential excitation of sodium does exist and are glad for the con- 
firming experimental evidence set forth by Mr. Hett. 

Dr. Landen’s data on the Diesel engine are interesting. 


Refer- 


precombustion chamber and his comments are therefore pertinent. — 
It is of interest to note that the temperature-time curves shown © 
by Dr. Landen also are comparatively flat in the region following == : 
top center. 
Professor Obert raises some fundamental questions concerning _ 
the operation of and the temperatures indicated by the instru- _ 
ment. These questions can perhaps best be answered by simply 
stating that in a system that is not in thermal equilibrium, tem- 
perature has no significance until] you specify the measurement — 
technique used. In other words, in a system notin equilibrium 
just as many temperature readings can be obtained as different —__ 
measuring techniques are used. 
The authors do not feel capable of making an unqualified state- _ 
ment concerning the equality of the monochromatic emissivity 
and absorptivity when the systems are not in thermal equilib- _ 
rium. The equality of emissivity and absorptivity is always — 
proved for the case of thermal equilibrium, On theotherhand, 
these items should be properties of the substance and therefore _ F 
once proved equal should always be equal. If so, the assumption 
of over-all equality of emissivity and absorptivity should be — re. 
sound. 


especially when the time interval concerned is short with respect 
to the time required for an atom to emit or absorb radiation. 
These time intervals would be much shorter than anything of in- 
terest in this paper. It should also be pointed out that the as- 
sumption of equality of monochromatic emissivity and ab- Re ’ 
sorptivity under nonthermal equilibrium i is made in the steady- | 
state line-reversal technique for it is always the apparent tem- t ae 
perature and not the black-body temperature of the lamp that 
is set equal to the black-body temperature of the flame. _ o 
No relationship is apparent to the authors between the flat be 
temperature curves obtained by the authors and the flat tempera- re 
ture curves obtained by reference (1) of the main paper with an = a 
18-deg shutter opening. ait 
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increasing volume of the hot burned gases. However, as pointed front. This explanation is further confirmed by Professor Obert’s _ 
out in the text, the presence of the “pips,” and the abrupt decrease observation that the width of the pip is of the same time mag- 
in temperature cause the authors to believe that the correct ex- nitude as that required for the flame front to pass am 
planation is the preferential excitation of the sodium in the flame _ 
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of the Society relating to the preparation and submission of 
manuscripts and accompanying illustrations. It also includes 
suggestions for the presentation of papers before <oowuind meetings. 


PREPARATION OF A PAPER— 


General Information— Style, Preferred Spelling, Length Limitation, 
Approvals and Clearances. 


Contents of the Paper—-Title, Author's Name, Abstract, Body of Paper, 
Appendixes, Acknowledgments, Bibliographies, Tables, Captions, Photo- 
graphs, Other Illustrations. 


Writing the Paper—Outline Tabulations, Tables, Graphs, Charts for 
Computation, Drawings, Mathematics, Accuracy, Headings and Number- 
ing, Lantern Slides, Motion Pictures, Typing, Number of — 


SUBMISSION AND PUBLICATION OF A PAPER— 


Intention to Submit Paper Required in Advance, Meeting Dates, 
Dates for Manuscript, Discussers, Review and Acceptance, Proofs, 
vance Copies and Reprints, Discussion and Closure, Publication 


Price 40¢. No discount allowed. A remittance must accompany 
all orders for $5.00 or less. U.S. Postage Stamps are acceptable, 


THE AMERICAN SOCIETY OF CE ENGINEERS 
_ 29 West 39th Street, New York 18, N. Y. 


PRESENTATION OF A PAPER 
\ 


